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Abstract

Stress relaxation of quartz sands is simulated using a recently proposed physically based time-to-fracture discrete element
method framework. The framework incorporates time-dependency through stress-corrosion-induced grain fracture. This
feature is embedded into a pre-existing particle-splitting-based rough-contact crushable model. The model is calibrated to
represent Fontainebleau sand, a quartz sand. A controlled on—off computational strategy is adopted to advance the
simulation efficiently. Model predictions are shown to compare favourably with laboratory results in oedometric and
triaxial conditions in terms of stress relaxation and relaxation rate. Grain size distribution evolution is also tracked and
shown to compare well with available laboratory results. The influence of initial mobilized strength g/gn.x on stress
relaxation is recovered by the model, and explained through increased grain breakage. The simulated relaxation results are
examined at the microscale and compared with those from creep experiments. The model displays the nonisochronous
behaviour characteristic of sands. The relaxation tests display a state shift towards higher dilatancy conditions that may

offer a possible explanation for some observations of pile set-up.

Keywords DEM - Particle crushing - Sand - Stress relaxation - Time dependence

1 Introduction

Several phenomena of large engineering significance can-
not be properly understood without reference to time-de-
pendent effects in granular soil, like creep—the
accumulation of strain under constant effective stress—or
stress relaxation—changes in stress without deformation.
This is the case, for instance, of pile ageing (set-up): the
remarkable shaft capacity increase with time that is
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frequently observed on displacement piles in granular soils
[28]. Delayed post-installation changes on the stress state
around the pile, involving circumferential stress relaxation
and radial stress increase along the pile shaft, have been
frequently proposed as a plausible explanation for pile
ageing [5, 14, 27, 29].

Stress relaxation like other macroscopic time-dependent
effects observed in granular soils should result from
microscale time-dependent phenomena. Laboratory evi-
dence shows that the relaxation value at a specific time
depends on the initial vertical stress, and after an elapsed
time, the relaxed stress is roughly linear with respect to
log-scale time (i.e. Lade and Karimpour [39]; Levin et al.
[47]). Mitchell [52] examined possible microscale causes
of time-dependent phenomena in granular soils and iden-
tified physical changes as generally more plausible than
chemical or biological contributions. Physical changes
involve changes in the size, shape or contact properties of
grains from which granular fabric, strain and/or stress
changes result. This hypothesis was given strong experi-
mental support by the work of Lade and co-workers
[30, 39, 40] who measured changes in grain size
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distribution (GSD) accompanying creep in several sands.
The GSD changes observed were explained [38] as the
result of delayed grain fracture or “static fatigue”. This
explanation fitted in nicely with separate research on
rockfill materials, e.g. Oldecop and Alonso [57] illustrating
the relevance of fracture growth on the time-dependent
behaviour of those materials. Delayed granular fracture has
been also incorporated into continuum constitutive models
as a physically based alternative to more phenomenological
visco-plastic models (e.g. Zhang and Buscarnera [73]).

In quartz sands granular fracture requires stress levels of
the order of 5-10 MPa [38]. This contrasts with field
measurements of radial stress on the shaft of displacement
piles, which usually register low stress values (e.g. Lehane
et al. [41], on the order of 50-100 kPa). However, more
detailed calibration chamber tests measurements, repro-
duced by numerical simulation (e.g. Ciantia et al. [20],
Zhang et al. [75]) indicate that radial stress levels up to a
few MPa may be actually present around displacement
piles. It is also clear, on the other hand, that the stress level
induced below the tip of a displacement pile in sand is
much higher than the radial stress acting on the shaft,
attaining in jacked piles levels of the order of 10 MPa,
similar to those registered by a CPT tip (e.g. Lehane et al.
[41]). Measurements in driven piles are more difficult, but
much higher stress levels have been reported (e.g. Kortsch
and Krisch [32], indicate stress levels above 100 MPa
during driven pile installation in sand). In summary, sig-
nificant grain breakage is likely to take place around dis-
placement piles.

The link between time-dependent phenomena and grain
breakage in sands has been occasionally established
through direct tomographic observation (Ando et al. [2]).
However, in most cases, experimental support was
obtained using post-mortem sieve analyses of test speci-
mens [8, 12, 22, 25, 46, 65]. This kind of experiment is
prone to errors [38]. In highly friable materials sieving
itself may break particles. If breakage results mostly on
fines these may agglomerate or adhere to larger particles.
Indeed, sieve analyses after creep have failed to identify
changes in GSD in several testing campaigns on granular
soils (e.g. Lv et al. [50]; Levin et al. [48]). This suggests
that other physical phenomena may be also involved in
granular time-dependent phenomena. Changes in particle
shape distributions have been documented alongside
breakage during creep [25]. Time-dependent contact attri-
tion has been identified in grain contact experiments [51]
and, presumably, plays also a role in time-dependent phe-
nomena at larger scales. It seems clear that unravelling the
different contributions of varied microscale physical
changes to time-dependent phenomena in granular soils
would require costly, slow and generally demanding
experimental work.
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In this context, simulation based on the discrete element
method (DEM) can play a useful role. DEM-based simu-
lation is now often employed as an alternative or comple-
ment to laboratory testing of soils when physical
experiments are too cumbersome, costly and/or unpractical
(e.g. Ciantia et al. [17]; Ciantia et al. [18]; Phan et al. [62];
Otsubo et al. [58]; Salomon et al. [64]; Ni et al. [56]).
DEM-based soil testing is particularly advantageous when
the model is able to explain specimen scale behaviour by
leveraging microscale information. As in other simulation
work, DEM-based soil testing is also particularly useful if
it is credibly validated against available physical tests and
not too demanding of computational resources. This last
requirement is particularly relevant when simulating time-
dependent phenomena in granular soils, as experiments
take place during hours to years, whereas DEM computa-
tion timesteps are typically below 1 ps [60].

DEM studies of time-dependent phenomena on granular
soils have followed different approaches. In some cases
(Wang et al. [70]; Gao et al. [26]) phenomenological vis-
cous models were directly introduced in interparticle con-
tact laws. Such models produce results that are
qualitatively similar to time-dependent phenomena
observed in soils, but, if applied to a particular soil, they
would need to be calibrated on specimen-scale response.
These models are currently postulated to represent micro-
scale phenomena other than particle breakage [24].

Viscous contact behaviour is also introduced in contact
laws by means of rate process theory (RPT; Kuhn and
Mitchell [33, 34]). Differently from phenomenological
viscous models the formulation of contact rate-dependent
behaviour in RPT aims to represent a particular physical
mechanism: atomic-scale interactions at solid contacts
(silica—silica bonds), activated through thermal energy
(Kwok and Bolton [35]). RPT models produce results that
are similar to time-dependent phenomena observed in soils.
However, the viscous parameters predicted by RPT are
scaled up by orders of magnitude to enable practical sim-
ulation. This scaling has a significant impact on the pre-
dicted model outcomes [49, 69] and, as a consequence,
scaling factors are adjusted to match specimen scale
responses. RPT models are currently postulated to repre-
sent phenomena other than particle breakage [49, 69, 72].

Particle breakage is instead central to another class of
DEM models that aim to represent time-dependent phe-
nomena in granular soils. Particle breakage is made time-
dependent through static fatigue driven grain fracture. The
particle breakage models that were initially proposed
[36, 66, 71] employed bonded particle agglomerates to
represent grains. Particle agglomerates are computationally
expensive and severely limit the ability of such models to
track GSD evolution. Also, because static fatigue takes
place only at the intergranular bonds, calibration of
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relevant parameters becomes highly reliant on specimen
scale results [1, 71].

Recently Lei et al. [43] presented a new DEM
methodology to simulate creep in granular soils that was
also based on static fatigue driven grain fracture. Differ-
ently from previous efforts, this proposal does not use
particle agglomerates and predicts GSD evolution with
ease. Model calibration was also improved, using only
information other than the specimen scale responses that
the model was aiming to reproduce. Lei et al. [43]
demonstrated the methodology showing its ability to
reproduce creep experiments on quartz sands. In this work
we examine the capabilities of this new methodology to
reproduce another important time-dependent phenomenon:
stress relaxation. One of the interesting aspects of this
study is that even if we directly used the parameter fitted to
creep simulation results, a good performance in stress
relaxation can still be achieved. This is because the
parameters we used are physically based and indicating the
DEM model formulated here also has the potential to be
extended to engineering scale directly, bypassing contin-
uum models altogether. In what follows we briefly describe
the model employed we then present the macroscopic
results of relaxation test simulations, followed by some
micromechanical inspection of the same. We conclude by
comparing some aspects of creep and relaxation tests and
discussing briefly the connections between the relaxation
test results and pile set-up.

2 DEM model description
2.1 Rough crushable contact model

Following Russell and Muir Wood [63], Ciantia et al. [16]
proposed a particle breakage model for spherical elements
based on the failure criterion combining both the charac-
teristic limiting particle strength oy;,,, and the force contact
area Ag:
anfﬁnRZSinzgzalimAF (1)
The formulation of o}, (Eq. (2)) introduced by Ciantia
et al. [16, 19] includes a particle size effect as well as a
random component of strength for particles of the same
size. The latter effect indirectly represents the influence on
breakage of aspects not directly included in the model,
such as grain shape.f is the solid angle ‘seen’ from the

sphere centre. J,()’(‘Tgiven by Russell and Muir Wood

[63]—represents the maximum tensile stress inside the
particle and can be regarded as particle strength gyi,. ¥ is a
dimensionless shape parameter and represents the ratio
between the characteristic uniaxial compressive and tensile

strength, ¢¢ and ¢’ (y = % — 1). v represents the Poisson’s
ratio

Olim = Olim,0 (%) I (1 + Xo,1var) (2)
where 6jin 0 is the mean value of element strength at the
reference diameter, do, d is the granular diameter, m,, is a
material parameter, var is the coefficient of variation of the
sphere strength distribution with the diameter d,, assumed
normal. Xy is a random number sampled from the stan-
dard normal distribution.

Otsubo et al. [59] proposed a rough contact model,
which incorporates the effect of particle surface roughness
on contact stiffness into the regular Hertzian contact
model. The rough contact model contains three successive
regimes: asperity-dominated regime, transition regime, and
Hertzian regime to better capture the effect of roughness on
sand grain contact stiffness. Zhang et al. [74] incorporated
this rough contact model into the particle failure model
using the following relationship regarding contact area:

Ap = nR?sin® 0 = 7r.d (3)
where r, = (% + %)71, r1 and r, are radii of two contacting
particles, ¢ is contact overlap.

After substituting contact overlap ¢ with contact normal
force F\, the particle failure criteria for the three successive
regimes can be described as the following three equations:

In the asperity-dominated regime (F, < Fg1):

1 F,
c SEer/2rcS,

(300qu6, /ZrL.Sq>§+n2S 1
q

— S
AE.Jr. + 115y

(4)

100

In the transitional-dominated regime (F g < F, <Fur2):

2
3008, E. /2rCSq> 3—|—n2S
q

Fn S Olim ¢ <
AE\JF:

. (5)
Fy ’
— | 1S,
100S,E.+/2r:S,
In the Hertzian regime (F, > Fgo):
1
9F; \°
Fy < ojimmre l(ﬁ) +mS, + mS, (6)

where F,r; and F,z, are critical contact normal forces for

. . 1-2 12, 7]
three transitional regimes, E.=( 5 Ezz) , E,, E, are
the Young’s modulus of two contacting particles, respec-

tively; vy, v, are their Poisson’s ratios. S, is the particle
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roughness n; and n, are model parameters; b, ¢ are con-
stants to ensure stiffness continuity, which are functions of
particle roughness S, and the contact overlaps at the tran-
sitional contact normal force F,gri, F,r>. Following [16]
tangential contact stiffness kg in our study is described by a
simplified Hertz-Mindlin contact model. More details can
be found in Zhang et al. [74]

Once the loading condition of one particle meets one of
the failure conditions in Eq. (4) or (5) or (6), the particle
will be substituted with 14 smaller particles following the
splitting method introduced in Ciantia et al. [16]. Sibling
particles are assigned particle strength (oyy,) and initial
crack half-length randomly. A numerical comminution
limit d. is imposed to avoid crushing small particles and
enhance computational efficiency. This requirement should
be balanced with the fact that the value of the ratio d./ds
does affect simulation outcomes and, if too large, would
result in unrealistic macroscopic response. For Fon-
tainebleau sand Ciantia et al. [71] present a sensitivity
analysis indicating that good results were obtained using
d.ldsy = 0.55.

Grading evolution may be quantified using the grading
state index Ig [54], defined as the area ratio of current
grading to a limit grading. The limit grading is calculated
by the following equation with the fractal factor y=2.6:
M<a) _ &7 - d?n?r;/ (7)

My dyd —dy)

min

where M(; .4 is the mass of particles whose diameter
smaller than d; My is the total mass. d,,. and d,,;, are
maximum and minimum diameter for the sample.

Some volume will be lost at each particle breakage with
the replacement mechanism adopted in this study. The
volume lost is assumed to correspond to fines and added to
the grading evolution curve in post-processing. The GSD
of lost mass at each particle breakage event is also esti-
mated using Eq. (7), but with d,,,x now representing the
smallest particle generated during each crushing event.
Previous studies (Ciantia et al. [15, 16, 18, 19]; Zhang et al.
[74]) have shown that the overall mass lost using the
propose method is small, and that increasing the number of
sibling particles above 14 does not significantly affect
macroscopic model results.

2.2 Time-dependent failure
Charles law [10] has been widely used to describe sub-

critical crack propagation under tensile loading, and it may
be represented in normalized form [57] as:

v =, <§) (8)
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where v is the crack propagation velocity, v, is the refer-
ence velocity (0.1 m/s), K is the stress intensity factor, K, is
the material toughness, and n is the stress corrosion
parameter.

The stress intensity factor K for tensile failure can be
calculated in Eq. (9) according to Broek [7]:

K:ﬂcﬂl\/—ﬁ (9)

where f3.. is the crack geometry parameter, oy is the far-field
tensile stress, and a is the crack half-length.

Since K. represents the stress intensity factor at the
tensile strength limit ;, Eq. (10) can be obtained:

K ar

K- Ji p (10)
where f) is a geometry-dependent term, affected by spec-
imen size and temperature.

In the Russell and Wood model [63], tensile strength o,
and limit strength are directly proportional so
K = f(x,v)oim; on the other hand there is also a direct
relation between maximum elastic tensile stress along the
diameter beneath a contact force ¢; and the applied contact
stress omop; Using those results Eq. (10) was rewritten in
the following form by Lei et al.[43]:

K Omob
= y 11
K. fkg(/fv V) Clim ( )

This equation is merely indicative, considering the
uncertainty about crack distribution within the particle,
particle shape, etc. Nevertheless, it does suggest that
Charles law may be implemented in the DEM model
simply through:

Omob "
V= 12
0 < Olim ) ( )

where v, v, and n are the same as those in Eq. (8), omop the
mobilized maximum normal contact stress acting on a
sphere, which can be obtained as the ratio of the contact
normal force to the contact area (Ag in Eq. 3). oy, is the
particle strength.

The crack half-length growth can be described by
Eq. (13):

a = ap + vAt (13)

where ap is the original crack half-length, randomly
assigned to particles when they appear in the simulation.
Crack lengths are sampled from a uniform distribution in
the range of 0.001-0.5 d, where d is particle diameter. v is
the crack propagation velocity, and At is the time interval
for updating the crack. When the crack length grows to
equal the particle diameter, 2a = d, the particle fails and is
replaced using the same method as in the time-independent
failure case.
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Fig. 1 Algorithm flow for Off-DEM ageing (adapted from Lei et al.
[43])

2.3 Off-DEM ageing

Lei et al. [43] proposed an off-DEM ageing technique to
advance time in creep simulation (Fig. 1). Similar on—off
computation strategies have been applied in previous DEM
simulation of time-dependent phenomena [68, 71]. This

technique was adapted in this study to simulate stress
relaxation, as briefly described below.

The simulation alternates off-DEM ageing periods and
periods of dynamic computation where DEM runs with all
model features activated (wall and particle motion, contact
stress updates, crack propagation, failure criterion checks,
particle breaks etc.). During off-DEM ageing periods, only
crack propagation is active, taking place at a constant
velocity which is determined by maximum contact stress
acting on the sphere at the end of previous dynamic com-
putation period. Some particles fail as time advances dur-
ing off-DEM ageing; those particles are counted until the
number attains a certain limit value, (n,4.). Then, the next
dynamic computation stage is carried out, starting by
simultaneous breakage all the n,.. particles. This simulta-
neous breakage sets up an oscillation around the imposed
boundary condition that is dynamically tracked until the
fluctuation stabilizes (Fig. 2). A minimum number of
dynamic calculation cycles (150,000) is always applied.
Lei et al. [44] carried out a series of sensitivity analysis to
the effect of n,s. on simulation results and no influence was
shown when n,,. was 30 or below. Simulations always start
and end with a dynamic computation period.

2.4 DEM model for Fontainebleau sand

For this study we have selected Fontainebleau sand as a
representative quartz sand to calibrate the model on. Fon-
tainebleau sand has been adopted as a prototype material in
previous DEM simulations (Ciantia et al. [16]; [19]; Zhang
et al. [74]).

The C++ plug-in option in PFC 3D (version 5.00.40)
was used to implement the time-independent breakage
model. Time-dependent breakage model and the off-DEM
ageing technique were implemented through FISH, the
high-level programming language of PFC.

Following Ciantia et al. [19], a cube of 4 mm side was
employed as representative element volume (REV) for
testing. The specimen is formed using radius expansion
method (REM) with the target void ratio of 0.65 (corre-
sponding to a relative density of 65% for the reference
sand). The REM is a classical DEM initialization method,
widely implemented in previous studies (e.g. Ciantia et al.
[16, 19]; Bonneau et al. [6]; Chen and Martinez [11]; Chen
et al. [13]; Dong et al. [23]). The test specimen is formed
by randomly sampling the reference GSD distribution to
generate particles in a cubical domain with reduced radius
that are then expanded under isotropic stress condition until
the target void ratio is attained. The final grain size dis-
tribution (GSD) of the REV closely matches that of Fon-
tainebleau NE34 sand. The initial number of elements in
the REV was 11,500.

@ Springer
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Fig. 2 Example of dynamic computation period during a triaxial drained stress relaxation test a Evolution of confining stress (blue) and
deviatoric stress (black), b detail of the deviatoric stress drop (color figure online)

Table 1 Input parameters for time-to-fracture rough-crushable Fontainebleau sand model

GSD/mm Basic contact model Contact roughness Instant failure criterion Delayed failure
dso oy doin G/GPa \Y u S/ um n; n, my 0imo/GPa var dJ/dsg Vo n
0.21 0.27 0.01 32 0.19 0.275 0.6 0.05 5 12 3.75 0.38 0.55 0.1 m/s 60
All elements employed are spherical. To roughly mimic b) Those that correspond to the basic Hertz-frictional
particle shape effects, particle rotation was inhibited in all contact model. The elastic parameters (G, v) are
degrees of freedom. This is a simplification, dictated by directly obtained from quartz reference values,
computational efficiency, that has very little impact in something that is made possible by the introduction
macroscopic responses for quasi-static tests [3, 9, 67 ]. of contact roughness (as explained by Zhang et al.
The parameters input to the model are collected in [74]). Friction was calibrated to reproduce a triaxial
Table 1.
As indicated in the table there are five categories of
input parameters: 25 T . T
a) Those that pertain to the grain size distribution
(GSD) of the reference material (Fontainebleau 20l W
sand). These are employed as such in the simulation, m
with no modification. %
3.15 +q/qmax=0.9 .
§ +q/qmaX:0.85
..8 4 q/qmaXZO.B
] g i +q/qmaX:O.75
S10t 1 =07 1
.“5 0 3 —>—q/qmax 0.7
” 0.8 7 a>.> * q/qmaxzo's
g —sEXP-Levin [7] (Quartz sand SU-Medium Dense) = —~—q/q_ .. =05
© 0.7 -~ DEM Fontainebleau sand in this study (14 balls splitting) B 5+ alq. =04 -
—+—DEM Fontainebleau sand (57 balls splitting) WL
06 +q/qmax=0.3
| Oedometric stress relaxation ——alq_ =02
05 with initiql vertjcgl str(\ess‘of7‘.5‘M‘Pa | L L 0 | L L
10! 102 10° 10* 108 0 2 4 6 8 10
Time: s Axial strain €, (%)
Fig. 3 Odeometric stress relaxation for calibrated Fontainebleau sand Fig. 4 Simulated monotonic triaxial shearing and stress relaxation
and experimental results for medium dense quartz sand (Levin [47]) curves
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Fig. 5 Volumetric strain evolution during deviatoric stress relaxation
tests

compression test on Fontainebleau sand (see Ciantia
et al. [19])

c) Parameters specific to the rough contact model were
established in Zhang et al. [74]. Particle roughness Sq
was determined considering particle roughness mea-
surements on silica sand. The values of nl and n2
were set by Zhang et al. [74] as 0.05 and 5,
respectively, after calibrating the model against the
results of single-particle contact experiments on a
quartz sand (LBS; experiments reported by Nardelli
and Coop [55]).

d) Of the parameters corresponding to the instant failure
criterion var, m, and oy, are obtained exploiting
results of single-particle flat-platen crushing tests.
The variance var is calibrated fitting a normal
distribution to crushing strength data for particles of
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-w- Undralned-q/qma)(:OAg
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'max

Fig. 6 Comparison of stress relaxation results under drained and
undrained condition
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Fig. 7 Deviatoric stress relaxation evolution with time in DEM
simulations

a single size (Ciantia et al. [19]). The values of
parameter m,, and reference limit strength oy, 0 are
obtained fitting the size effect observed on mean
values of particle crushing strength for a range of
particle sizes (see Ciantia et al. [16, 19]). As noted
above the limit comminution ratio d./dsy was
calibrated by Ciantia et al. [16] observing its effect
on a high stress oedometric curve.

e) Finally, the parameters controlling delayed particle
failure were calibrated in Lei et al. [43] by reference
to fracture data in the literature. Specifically, the
reference velocity vy was selected in line with
fracture growth data reported by Oldecop and Alonso
[57]. The stress corrosion index n was selected
considering laboratory data of natural quartz and
quartz-rich sandstone (see details in Lei et al. [43])

Lei et al. [43] verified that the model thus calibrated was
able to reproduce the oedometer loading curve (void ratio
vs vertical stress) and associated grading evolution
observed in laboratory Fontainebleau NE34 sand tests [19].

3 Macroscale observations
3.1 Oedometric stress relaxation

Levin [47] reports the results of an oedometric stress
relaxation test on a quartz sand after applying an initial
vertical stress of 7.5 MPa. A stress relaxation test under the
same initial vertical stress was simulated using the cali-
brated parameters for Fontainebleau sand. The simulation
was carried out with all walls fixed to ensure a zero-strain
state. The simulation results are shown in Fig. 3. In the
simulation curve, red dots correspond to the periods of
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EXP-Lade & Karimpour [6] :Virginia Beach sand (quartz)
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dynamic computation, and the time between two red dots is
the off-DEM ageing time. The value of stress relaxation is
normalized by the value at 1 s. Considering that the model
was not specifically re-calibrated for the quartz sand
employed by Levin [47], an acceptable agreement can be
observed between the simulation and the laboratory result.
The oedometric test simulation was repeated to check the
effect of lost mass upon particle breakage on stress relax-
ation. For this purpose, instead of the 14-particle splitting
mechanism a 57-ball split, with lower mass loss [71] was
employed. The results (Fig. 3) confirm the minimal effect
of lost mass on stress relaxation.

3.2 Triaxial shear stress relaxation

Triaxial experiments of drained stress relaxation involve
deviatoric stress relaxation under constant confining stress
[37, 39, 61]. To conduct drained stress relaxation, the REV
sample was first isotropically loaded up to a confining
pressure of 10 MPa, a value selected to ensure significant
particle breakage during shearing. Afterwards, a standard
triaxial compression was conducted to identify the avail-
able shear strength. To this effect the specimen was
sheared up to 30% deviatoric strain. Axial strain was
imposed using a servo-controlled wall moving at 0.01 m/s,
a velocity slow enough to ensure quasi-static conditions,
with inertial number I < 2.68 x 10~. The maximum
mobilized strength of the REV corresponds to a deviatoric
stress gmax of 22.6 MPa (Fig. 4).

Drained stress relaxation tests were conducted starting at
different deviatoric stresses corresponding to different
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levels of mobilized strength (g/gm.x values between 0.2,
and 0.9). During relaxation tests the axial strain was
maintained constant, fixing the top and bottom walls, while
the servocontrol was active for the side walls to maintain
the constant confining stress of 10 MPa. Each relaxation
test lasted 1 day. Figure 4 shows the stress relaxation
evolution of all cases. It can be seen that the amount of
stress relaxation increases with the increase of mobilized
strength. This was also observed by Lade and Karimpour
[39] while conducting one-day stress relaxation tests on
Virginia Beach sand. Relaxation magnitude increases with
increased strength mobilization were also observed in
simulations by Xu et al. [71] and Wang and Xia [69].

Although the axial strain was kept constant during the
simulation, this was not the case for the radial strain, as the
vertical walls were allowed to move to maintain a constant
confining pressure. This made possible the apparition of
small volumetric strains. Figure 5 shows the volumetric
strain evolution during drained relaxation. The volumetric
strains that accompany the one day drained relaxation tests
remain below 0.18% for all cases. Lade and Karimpour
[39] observed slightly smaller values (0.9-0.12%) of vol-
umetric compression, which is reasonable considering that
their relaxation experiments were conducted under a
smaller confining pressure (8 MPa) than the one applied
here. Xu et al. [71] also observed volumetric strains below
0.2% during simulation of drained relaxation.

To explore further the influence of volumetric strain
during stress relaxation, three undrained relaxation tests, in
which relaxation took place without any volumetric strain,
were also carried out. This was achieved by fixing the 6
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Fig. 9 Comparison of the axial strain rate evolution a g¢/gmax = 0.2, b g/gmax = 0.4, € g/gmax = 0.7, d ¢/Gmax = 0.9

walls during the relaxation test. Test results are compared
with results of drained relaxation in Fig. 6. Very similar
relaxation trends can be observed. Undrained deviatoric
stress relaxation is very similar—if slightly smaller—than
drained deviatoric stress relaxation, and observation that
was also made by Lade and Karimpour [39]. Since Fig. 6
indicates the similar stress relaxation results are obtained
for the drained and undrained case, all the results presented
afterwards are based on drained relaxation tests only.
Figure 7 shows the evolution of stress relaxation of all
cases, it can be seen that relaxation trends to occur at a
fixed rate and that such relaxation rate increases with the
increase of g/gn.x. Figure 8 compares the deviatoric stress

relaxation Ag, and stress relaxation rate Aéd for the case g/

gmax = 0.7 obtained in the DEM simulation and in labo-
ratory tests on Virginia Beach sand at the same relative
stress level [39]. The comparison shows good agreement.
The stress relaxation comparison uses as reference time for
the start of relaxation 0.01 min, a value dictated by the
time resolution that was attained in the laboratory
experiments.

Lade and Karimpour [39] employed different triaxial
shearing rates before their stress relaxation tests. They
noted that the onset of relaxation was faster for tests
sheared at a faster rate, but that the asymptotic relaxation
rate attained was independent of the initial shearing rate.
Their results in Fig. 8 correspond to the specimen sheared
at the faster rate applied in the laboratory (0.666%/min),
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Fig. 11 Simulated Grading index evolution during stress relaxation a absolute values, b variation during relaxation phase

which showed immediate relaxation, with no delay. A
more complete series of laboratory stress relaxation tests
was available for specimens sheared at a lower rate
(0.0416%/min). A comparison with the DEM results is
presented in Fig. 9. The initial relaxation rates observed in
the laboratory are slower but very good agreement is
obtained in the asymptotic relaxation rates.
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3.3 Triaxial shear stress relaxation: breakage

The simulations allow to track the evolution of GSD curves
during stress relaxation, and results for g/gm.x = 0.5 and
0.9 are illustrated in Fig. 10. The GSD shifts are small for
both tests, but it is nevertheless apparent that relaxation at
q/gmax = 0.9 was accompanied by more breakage than that
at g/qmax = 0.5. The grading index Ig evolution during
stress relaxation is presented in more detail in Fig. 11.
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There is a clear trend for the grading index evolution rate to
increase with the mobilized strength level at relaxation, a
trend similar to that of the relaxation strain rate in Fig. 7.

It can be seen how the larger part of grading evolution
takes place during shearing, with relaxation phases accru-
ing only small changes in grading index, almost always less
than 102 (Fig. 11b). Measuring such small changes in
grading in the laboratory is problematic, particularly as
separation of the breakage accrued during shearing and that
taking place during relaxation would require two different
test specimens. These separate tests were not available to
Lade and Karimpour [39], who, observing only the
cumulative effect on grading of shearing and relaxation,
concluded that breakage during relaxation was not signif-
icant and only “abrasion” was taking place. It is never-
theless possible to estimate the grading changes that took
place during the relaxation phases of the laboratory tests on
Virginia beach sand by Lade and Karimpour [39] using the
information on breakage during continuous shearing of the
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same sand presented graphically in Karimpour and Lade
[30]. Doing so a comparison with the simulated results
becomes possible and such comparison is presented in
Fig. 12. The results from simulation are very similar to the
laboratory ones, particularly for cases where g/gm.x > 0.5,
where measurement and graph interpolation errors would
be less significant.
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4 Microscale observations
4.1 Breakage fraction

Once the link between particle breakage and stress relax-
ation has been established it is worth investigating it further
at the particle scale. To this end we computed breakage
fractions, defined as the accumulated number of particles d;
broken at time ¢ divided by the initial number of particles
of size d;. The evolution of broken fractions for four par-
ticle sizes during stress relaxation tests is shown in Fig. 13.
In all tests the larger particles are those that break more, as
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expected given the size dependency law of particle
strength. The difference between sizes increases with the
increase of mobilized strength g/qax-

4.2 Force evolution during relaxation

Stress relaxation reflects relaxation taking place at the
contact scale. Figure 14 shows the mean value evolution of
contact normal forces and contact tangential forces during
stress relaxation periods. A general decreasing trend can be
observed for both components, with more pronounced
decreases at higher initial shear mobilization rates. Contact
forces also become slightly more homogenous during
relaxation, and this applies again to both the normal and
tangential components and, again, is more pronounced
when relaxation takes place from a stress state closer to
shear failure (Fig. 15). Similar observations were retrieved
from RPT-based simulations by Wang and Xia [69].
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Although both tangent and normal contact force com-
ponents relax they do so at different rates, with tangent
force relaxation happening at a faster rate. The net result is
a decreasing contact force ratio. Figure 16 shows the
evolution of average contact force ratio F,/F, during some
relaxation cases. The decreasing of contact force ratio
reflects how the specimen becomes more stable during
stress relaxation, although the overall effects on the contact
fabric are rather local. To further illustrate this, Fig. 17
shows representative contact force graphs for DEM sam-
ples relaxed from the highest mobilized strength (g/qmax-
=0.9). There are only a few strong force chains
disappearing during relaxation, something that was also
observed by Xu et al. [71] in their agglomerate-based
simulations.

5 Discussion
5.1 Relaxation and creep

The final states of one-day stress relaxation in stress—strain
plane can be connected together, to define a one-day
relaxation curve. This curve may be compared with a one-
day creep curve for the same test, obtained by extending
the creep simulations presented by Lei et al. [43] to last one
day. The results (Fig. 18) clearly show that the 24 h
relaxation and creep curves obtained are different, with
stress relaxation resulting in lower deviator stress at the
same axial strain level. This behaviour was also found in
Virginia Beach quartz sand by Lade and Karimpour [39]
and, previously, in the more friable Antelope Valley sand
[40]. This is described as non-isotach behaviour and is a
distinctive feature of the time-dependent behaviour of
granular soils (e.g. Augustesen et al. [4]). Non-isotach
behaviour was also featured in the simulations presented by
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Fig. 17 Contact force contours of DEM samples with initial mobilized strength of g/gm.x = 0.9 a before stress relaxation, b after one-day stress

relaxation
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Xu et al. [71], based on time-dependent agglomerate bond
degradation, as well as in those presented by Liu et al. [49]
using the RPT model.

Starting from the same level of mobilized strength,
creep is accompanied by much larger breakage than
relaxation. Figure 19 presents grading index evolution
from one day creep and relaxation phases as a function of
initial mobilized strength: grading index evolution is much
larger in the creep tests, reaching up to one order of
magnitude at high mobilization rates.
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5.2 Relaxation and pile set-up

In agreement with current methods of axial pile capacity
evaluation pile set-up is conceptualized [14] as a post-in-
stallation time-dependent change involving one or more of
the following phenomena: radial effective stress increase
around the pile, dilatancy increase around the pile or/and
interface friction increase around the pile.

There is abundant experimental and numerical evidence
indicating that particle crushing takes place during instal-
lation of piles on quartz sands and that crushed fragments
cluster around the pile shaft [21]. The post-installation
boundary condition along the pile shaft is likely a zero-
strain one, similar to the boundary condition of stress
relaxation tests. On this basis it is interesting to examine if
the results presented above are able to shed some light on
pile set-up, even if the relaxation time involved in the
simulations (one day) is relatively small compared with
those pertaining to pile set-up test observations.

In the context of pile set-up stress, stress relaxation is
usually related to circumferential stress arching relaxation
leading to radial stress increase [5, 14, 29]. This kind of
mechanism needs to be investigated using the appropriate
problem geometry, as arching around the pile would be
directly related to pile radius. Therefore, the triaxial test
results are not directly relevant for this purpose. It is
nevertheless coherent with this hypothesis the fact that
relaxation is more intense at higher mobilized stress ratios,
as shown by Fig. 7. Stress mobilization is more intense
around the pile tip [37] and measured radial stress increases
after installation are also larger close to the pile tip [5, 27].

Consider now dilatancy increases, which have been also
deduced from field pile tests results, (e.g. Axelsson [5];
Lehane et al. [42]; Gavin and Igoe [27]) perhaps even more
consistently than radial stress increases, although the pre-
cise mechanisms involved in such increases are unclear.
The relaxation test results shown above may be interpreted
to suggest that a possible mechanism for that dilatancy
increase may lie simply on the state changes induced by
relaxation.

Lei et al. [45] obtained the critical state line (CSL) for
the same rough-crushable DEM model of Fontainebleau
sand using triaxial tests that involved no creep or relaxation
phases. Following Ciantia et al. [19], triaxial critical states
(constant void ratio and mobilized shear strength) were
observed when the deviatoric strain of the sample reached
30%. The CSL thus obtained is represented (Fig. 20) in the
e—(p’/Pa)O'7 plane; where p’ is the mean effective stress,
and Pa is the atmospheric pressure. Figure 20 also repre-
sents the state shifts observed during the stress relaxation
test phases. It can be seen that during relaxation states shift
away from CSL after stress relaxation. All final states are
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Fig. 20 State parameter shift of DEM Fontainebleau sand during drained stress relaxation

below the CSL, and therefore dilative, f the relaxed sand
was sheared to reach critical state again, as it may happen
during pile axial loading. The relaxation shifts are larger
for the cases of high previous shear mobilization (0.85 gnax
and 0.9 g.x) in which the pre-relaxation state lies closer to
the CSL. This is interesting, as critical state conditions are
usually identified along the shaft upon simulations of
continuous penetration tests (e.g. Monforte et al. [53]),
which offer a good analogue for pile installation.

6 Conclusions

This work set up to investigate the stress relaxation beha-
viour in sands at large stress using a new DEM simulation
methodology based on static fatigue driven grain fracture.
The reported simulation results compare well with the
laboratory experiments of stress relaxation in terms of the
amount of stress relaxation, stress relaxation rates, GSD
evolution/particle breakage. Previous simulation work had
not resulted in such wide agreement with independent
laboratory experiment work. Some conclusions based on
the work presented are:

1. The results of simulated stress relaxation tests compare
favourably with available laboratory evidence in terms
of stress relaxation magnitude and relaxation rate. The
rate of relaxation increases with the increase of initial
mobilized strength g/qmax-

2. Particle breakage driven stress relaxation was made
transparent by tracking the grading index Ig evolution.

Simulated results compared well with available labo-
ratory evidence.

3. The initial mobilized strength ¢/qn. increases the
overall number of broken particles during stress
relaxation, particularly for larger particle size.

4. Contact force homogenization takes place during stress
relaxation, as revealed by a decreasing standard
deviation of normal and tangential forces. The average
contact force ratio F,/F, also decreases, indicates that
the specimens became more stable during relaxation.

5. When comparing creep and relaxation test results, the
non-isotach behaviour characteristic of granular soils
was recovered. It was also clear that creep is accom-
panied by much larger GSD evolution than relaxation.

The results mentioned above have some relevance for
observations in pile set-up. Particle breakage driven stress
relaxation may happen after pile installation and be, at
least, partly responsible for increases in dilatancy around
the pile shaft. This and other phenomena such as circum-
ferential stress relaxation and associated radial stress
increase may be further investigated using DEM models
incorporating the methodology presented here.
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