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Abstract. The impact of particle shape on the angle of internal friction, and the resulting impact on beach
sediment dynamics, is still poorly understood. In areas characterized by sediments of specific shape, particularly
non-rounded patrticles, this can lead to large departures from the expected sediment dynamics. The steep slope
(1:10) of the mixed sand—gravel beach at Advocate Harbour is stable in large-scale morphology over decades,
despite a high tidal range of 10m or more, and intense shore-break action during storms. The Advocate sand
(d <2mm) was found to have an elliptic, plate-like shape (Corey Shape Indexy G2+0.6). High angles

of internal friction of this material were determined using direct shear, ranging ¢rerd1 to 49, while the

round to angular gravel was characterize@as33°. The addition of 25 % of the elliptic plate-like sand-sized
material to the gravel led to an immediate increase in friction angles£d38°. Furthermore, re-organization

of the particles occurred during shearing, characterized by a short phase of settling and compaction, followed
by a pronounced strong dilatory behavior and an accompanying strong increase of resistance to shear and, thus,
shear stress. Long-term shearing (24 h) using a ring shear apparatus led to destruction of the particles without
re-compaction. Finally, submerged particle mobilization was simulated using a tilted tray submerged in a water-
filled tank. Despite a smooth tray surface, particle motion was not initiated until reaching tray tilt angles of
31° and more, being- 7° steeper than for motion initiation of the gravel mixtures. In conclusion, geotechnical
laboratory experiments quantified the important impact of the elliptic, plate-like shape of Advocate Beach sand
on the angles of internal friction of both pure sand and sand—gravel mixtures. The resulting effect on initiation of
particle motion was confirmed in tilting tray experiments. This makes it a vivid example of how particle shape
can contribute to the stabilization of the beach face.

1 Introduction dynamics (hydrodynamics, morphology and sediment prop-
erties) is still far from being fully understood. Focusing on

Subagqueous sediment dynamics play a major role in coasthe sediment properties, the friction angle is known to be
line, river and lake development, as well as scour arounc® major factor controlling the critical shear stress required

submerged structures, and coastal hazards such as subnig-initiate particle motion Middleton and Southardl984

rine landslides Kuehl et al, 1996 Simons and Sentiyk Bagnold 1988 Kirchner et al, 1990 Soulsby 1997). The
1992 Bradley and Stot2006 Masson et a).200§. De-  friction angle depends on grain size, sorting, density, particle
spite the widespread interest and ongoing research in thig'rangement, and particle shagekanz and Vermeet996
field, the complex system consisting of the many diverseDPas 1990. In particular, the importance of particle shape
factors governing subaqueous sediment dynamics and beacMth regard to the friction angle and initiation of subaqueous
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Figure 2. Left panel: example of flat, elliptic sand particles. Right
panel: particle shapes which reached the highest friction angles in
the study ofCho et al (2006 (modified afterSantamarina and Cho
2009.

This hypothesis is in agreement with findings by,
e.g.,Miller and Byrne(1966. Instead of the geometric ap-
proach to estimate the average friction angl&hgleson and
Dean(1961), they proposed the following equation:

Figure 1. (a) The location of Advocate Harbour at the Bay of Fundy
between Nova Scotia and New Brunswick, CandblpPhotograph

of the beach face at low water during calm weather conditions.— -8

(c) Photograph of the beach face at low water after a storm event? = ¢mb (d/?) ’ 1)
(d) Photograph of the surficial sediments after a storm event (scale _. L. . o

in inches). whereg is the average friction anglé,is the test grain diam-

eter (tests were conducted with one single loose particle on a
fixed rough bed)X is the average diameter of the bed grains,
sediment motion was pointed out Byrchner et al.(1990 andamp andpg are parameters fitted by regression to the data.
for river sediments. Generally, there is still a certain lack of Regarding the latteMiller and Byrne(1966 found thatxmp
data pertaining to the impact of particle shape — particularlywas sensitive to the particle shape, and increased with de-
non-rounded shapes — on subaqueous sediment dynamics aoreasing sphericity.i and Komar(1989 specified that in-
beach morphodynamics. creased with particle flatness (i.e., with the decrease of the
The mixed sand-gravel beach near Advocate Harbouratio of the smallest and intermediate axial diametgfs).
(Fig. 1) was investigated in the framework of a sediment Additionally, these authors found thatwas influenced by
dynamics experiment in May 2012. Hydrodynamics, large-particle shape when comparing spheres to smooth ellipsoidal
and small-scale morphology, and sediment distribution werepebbles. HoweveKirchner et al (1990 argued that there is
monitored over 3 weeks. With regard to the latter, a dis-no consistent relationship betwegg, and grain shape in the
tinct cross-shore zonation varying with the lunar tidal cycle literature, and that more controlled experiments are required.
and weather/hydrodynamic conditions was obseng&tdrk Nevertheless, these authors also found a decrease of median
et al, 2014b. However, despite the energetic hydrodynam- friction angle by 10-15% by eliminating grain roughness,
ics at the beach during wind-wave forcing events in particu-meaning approaching spherical particl@siffington et al.
lar, the beach slope has remained constant at aboufd.4 (1992 stressed the importance of testing friction angles of
decades. Also — and rather surprisingly — following a sig- the native sediments to estimate critical shear stresses instead
nificant storm wave event, the beach face was dominated byf relying on the grain size and neglecting particle shape.
sandy sediments (Fidl). As documented in a companion They presented results from testing naturally formed gravel
paper Hay et al, 2014, the fine-grained surficial sediments from a streambed with Corey Shape Indices €8157-068,
observed during active wave-forced conditions were associindicating compact but not yet rounded particldiefberger
ated with a very particular size-sorting process involving the1991). The results supported the discussiorikirghner et al.
development of orbital-scale (or vortex) ripples on the beach(1990 that the empirical relationship obtained kijler and
face during the rising tide. The sandy sedimedts: @ mm) Byrne (1966 cannot be generally applied using coefficients
were characterized by a strong variations in particle shapey andg determined from other samples.
and a high abundance of flat, elliptic particles (R).As a Riley and Mann(1972 focused particularly on flat parti-
result, it was hypothesized that the flat, elliptic shape of thecles (i.e., “flakes”). They found that the angle of repose in-
sand-sized particles impacts the friction angle and, by doingcreased in the order of spheres, cylinders, angular particles
so0, contributes to the stability of the beach. and flakes for glass particles in the same size. Flakes with a
particle size of 16 mm reached angles of repose 88.27,
but the authors argued that they expected even higher angles
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Summary of sediment properties and shear test result terms of median gralggsimedality (unimodal vs. bimodal), maximum
shear stress measured for the highest load level of the respective sample in the direct sheandoie®rnal angle of frictionpmax,
maximum observed vertical displacement during shearing in the respective direct shear box (dilation is positive) and tray tilt angle when
sediment started movingray.

Sample dsg (mm) Modality tmax ¢  Dilation atray
(kPa) () (mm) ()

Sand: reef 0.28 unimodal 28 41 0.2

Sand: fine sand patch 0.27 unimodal 30 42 0.4

Sand: Pos 182 (yd 131) 0.78 unimodal 32 42 0.2

Sand: Pos 184 (yd 131) 0.92 unimodal 38 49 0.6

Sand: Pos 186 (yd 125) 1.0 unimodal 35 44 0.1 31

Sand: Pos 186 (yd 131) 11 unimodal 36 49 0.5

Sand: Pos 187 (yd 125) 1.2 unimodal 35 46 0.6

Gravel: Pos 181 (yd 125) 125 unimodal 89 32 -14 24

75% gravel and 25% sand: 12.5and 1.0 bimodal 113 38 —4.7
50% gravel and 50 % sand: 12.5and 1.0 bimodal 113 38 —4.6

of repose, and that such values were probably not reachettay that contributed to the understanding of particle transport
because the flakes always packed with their flat faces horief the Advocate Beach sediments. More technical details and
zontally, making slipping easier. This conclusion highlights results from the latter laboratory study are presentetamk
the need for investigations of shearing behavior dependencet al.(20143.
on particle shape to fully understand sediment transport.

The detailed investigation of shearing behavior is tradi-
tionally a research focus in geotechnical engineering and soil
mechanics, and the impact of particle shape on shearing beBeach samples (TablB were collected along a cross-shore
havior and angle of internal friction has been recognized fortransect in the vicinity of an instrumented frame that was
some time Terzaghj 1943 Taylor, 1948 Craig 1974 Das  installed for the full 3 weeks of the experiment. The frame
1990. More recentlySantamarina and ChH@004 andCho  was equipped with a number of different acoustic and other
et al. (2009 discussed the role of particle shape in soil be- devices estimating flow velocity, bed-load transport veloc-
havior. Among other results, they showed that a decreasg@y, wave orbital velocity, wave height and small-scale mor-
in particle regularity that included sphericity and/or round- phological variationsHay et al, 2014. Sampling locations
ness leads to an increase in the constant volume critical statglong this cross-shore transect reached from the berm down
friction angle, with the constant volume critical state refer- to the low water level, 10m apart from one another (po-
ring to a state of static equilibrium between volume reduc-sition 181 (berm) through position 188 (low water level)).
tion as a consequence of chain collapse and volume dilatioldditionally, samples from two fully submerged sites in
during shearing §antamarina and Ch@004. In the Cho  about 1.5 m water depth at low water were collected at sand
et al.(2006 experiments, constant volume critical state fric- patches, and close to a reef-like assembly of boulders and
tion angles of up to #lwere documented for a crushed sand rocks. These samples represent surficial sediment samples,
with a median grain size of 0.48 mm, a high angularity and aand were taken using a small shovel.
medium sphericity (Fig2).

In this study, standard geotechnical laboratory shear tests
(direct uniaxial shear and ring shear test apparatuses) were
applied (i) to test the applicability of standard geotechnical Three different shear devices were used: a small direct shear
shearing experiments for the investigation of shearing pro0x (100 mmx 100 mm) for sandy sediments only, a large
cesses of beach sediments, and (ii) to test the hypothesis @firect shear box (300 mm 300 mm) for gravel and sand-
whether the flat, elongated particle shape of the sand-siz@ravel mixtures, and a ring shear device for 24 h tests of
fractions of the Advocate Beach sediments potentially conthe sand samples. The direct shear test is the oldest and
tributes to the stabilization of the beach face. The study wasimplest shear test arrangement in geotechnical engineering
initially motivated by the high abundance of surprisingly fine (Das 1990. The specimen is placed in a metal box that is
particles on the beach face after energetic storm wave eventsplit horizontally in halves. In the case of fully or partially
The geotechnical results were complemented by a simpl&aturated samples, porous plates are placed on top and below

physical simulation of sediment mobilization along a tilted of the specimen to allow free drainage and avoid pore pres-
sure buildup. A normal force is applied via a loading plate on



the specimen. The minimum normal load equals the weightunder initiation of motion and shearing is expected due to

of the loading plate and the porous plate, while loads can bearticle rearrangement. Thus, the determination of the peak

as great as- 1000 kPaDas 1990. Vertical displacement of  shear stress and the angle of internal friction is desired here.

the specimen is measured by recording the vertical motiorin the following, we will denote the angle of internal friction

of the loading plate using a mechanical displacement senby ¢.

sor. The shear tests could theoretically be performed without

load, loading plate and top porous plate, but then measures

ments of vertical displacement would be difficult. After es-

tablishing the desired normal force, the lower half of the box For the direct shear tests of the sand-sized fractions, a

is displaced horizontally at a chosen shear rate. The specftandard-sized small shear box (surface ar@é cnt) was

men experiences shear stress along the shear plane betwed$ed, and the sediment was filled in loosely and water-

the two halves of the box measured using a load cell. Thesaturated. Each sample was tested at three different normal

results are commonly expressed as horizontal displacemerstresses: 3, 32, and 64 kPa. This is significantly lower than

versus vertical displacement, expressing dilation or contrachormal stresses usually applied for subsoil testing to account

tion of the specimen during the shearing process, and as horfor low normal stresses at the beach-face sediment surface.

zontal displacement versus shear stress. Different profiles aféetween the tests, the samples were stirred to ensure a loose

expected depending on the packing of the specimen. For exparticle arrangement at the start of shearing.

ample in the case of loose sand, the resisting shear stress in- The larger direct shear apparatus was used for shearing the

creases with horizontal displacement until an approximatelydravel and gravel-sand mixtures. Mixtures of 100 % gravel,

constant value (failure shear stress) is reached, while com- 75 % gravel mixed with 25% sand, and 50 % gravel mixed

paction dominates the vertical displacemdiergaghj 1943 with 50 % sand were tested at normal stresses of 51, 99, and

Poulos 1971 Das 1990. In the case of densely packed sand, 149 kPa, which were the lowest normal stresses feasible with

the shear stress increases to a maximum, the peak shear stréd§ large direct shear apparatus. Similar to the small direct

71, while the specimen undergoes a compaction followed byshear box, samples were loosely installed, and stirred after

dilation until reaching;. Subsequently, the shear stress grad-each test.

ually decreases until reaching the critical state shear stress The direct shear tests were used to monitor the develop-

tov (Terzaghj 1943 Poulos 1971 Das 1990. No signifi- ment of shear stress with horizontal shearing of the sample

cant vertical displacement is observed in this phase. to determine the angle of internal friction. Furthermore, any
Specimens of the same samples are then tested at variog@mpression or expansion of the samples during shearing

normal stresses, and plotting the normal stresses versus tigas recorded.

corresponding shear stress allows an estimate of the angle of

internal friction by application of the Mohr—Coulomb failure

iteri hj 1943 Poulos 1972, Das 1990: . . : .
criterion (Terzaghy 3 Poulos 1 Das 9 Shearing behavior over 24 h was tested using a ring shear ap-

7t = ¢ + o tang, (2) paratus (also called annular direct shear apparatus). Here, an
annular specimen (sand or finer sediments only) is sheared,
under a given normal stress (92 kPa, the lowest normal stress
from tests with a range of normal stresses, including rela-the apparat_us allowed; 461; 922kPa), on a horlzonta! plane
by the rotation of the annular sample relative to a stationary

tively high normal stresses, would still be applicable for the |, . ; .
low range of normal stresses. Thus, the shear test results c%‘r‘iJ (Craig 1974. This test was mainly conducted to observe

be applied to beach surface sediments which are exposed 8ng-term dilatory behavior.
a minimal normal stress.
Different denotations can be found regardipgTerzaghi

(1999 referred to the effective-stress friction angle, the an- o gmaoth tray with a hopper feeding sediment onto the tray
gle of internal friction or the angle of shearing resistapte |, -« arranged in a tank filled with water, and was tilted to
when plotting the normal stress versus the peak shear stre%"}]gbs ranging between 20 and°4(Btark et al, 20143.

7. Taylor (1948 andRowe(1962) denoted this a@max. Pl the angle at which sediment started movingy, and av-
ting the normal stress versus the critical state shear stress aé'rage particle velocities were determined via video ob-
lows one to extract the critical state or constant-volume fric- g\ ations. and via a prototype wide-band coherent Doppler
tion angle¢cy (Taylor, 1948 Rowe 1962 Terzaghi 1999.  filer (MFDop) Hay et al, 2008 2012a b). In this study,

In the case of loose sand, it can be assumedfhal~ dev-  the main interest was to determine how easily the gravel and

For dense sandgmax> ¢cv applies as a result of the im- - o54 can he mobilized in comparison to each other, and other
pact of dilation on shear strengthaylor, 1948 Rowe 1962 gravel types.

Terzaghj1996. Regarding application to the beach environ-
ment, dilation or compaction of the beach surface sediment

with ¢ the cohesiong the normal stress ang the angle
of internal friction. With this approximationp determined
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Figure 3. Left panel: representative grain size distributions for beach surface samples collected along a cross-shore profile with position
WP 188 being the low tide level and WP 181 at the berm on year day 125. The green bars indicate the grain size range which has been teste
in the laboratory shear tests. The red bar indicates the 50 % mark at which median grdip $zeetermined. Right panel: representative
distribution of grain size of sand fraction only 2 mm) extracted from the sample taken at position WP 181 on year day 125. This sample

has been tested in the direct shear box.

3 Results

compact

X d>9.5mm

O 9.5mm<d<2mm spheres/cubes
The sampled sediment showed a strong variation in grain size  9-87 ¢ d<2mm e 1

3.1 Sediment description

distributions {50 = 0.3—18.5 mm) along the cross-shore tran- . x0 £ o xo

sect, as well as depending on the hydrodynamic conditions_ 2-6 O x X s 1

(Tablel and Fig.3). The finest sediments were found at the 8 % 2 Gy O 8 discs

fully submerged sitesdo= 0.3 mm), while the most fine- 0.4 Qo o) |

grained samples from the beach face were characterized b o3y @08 % Qo

dsp~ 1 mm. Figure3 shows representative grain size distri- 0.2 reseiie = Lo 30 L sl 7 extreme flat
butions along a cross-shore transect, and a detailed grain siz _ : _

distribution of a representative sand sample used for the lab- = % 02 04 06 08 1

oratory testing. disc DRI rod

. Within the_ sand—sized.fractio.nﬂ € 2mm), strong varie_l- . Figure 4. Sample measurements of particle shape expressed as
tlon§ in particle shape Wlth. a hlgh. abundanc? of flat, elliptic disc-rod index (DRI) and Corey Shape Index (CSl). Description and
particles were obs:_arved (F@. Grains of a sediment sample schematic modified aftdfienberger(1997.
from a representative location at the beach surface (Pos. 184)
were measured with regard to longest axis lendt} {nter-
mediate axis lengthl{ and shortest axis lengtts) to de-
termine disc-rod index (DR: (L — I)/(L — §)) and Corey
Shape Index (CSkS/(v/IL)) after lllenberger (1997).  3.2.1 Direct shear box
Most of the particles were rather elongated and ranged from ) .
extremely flat to compact (Figl). Compact particles were Th_e plpts of horlzor)tal displacement versus shear stress
predominantly of gravel size. Low DRIs in the case of the (Fig.5) |I!ustrate the c_j|fferent response to applied s_hear stress
sand particles can likely be associated with broken particles!cor the different Io_admg stages. At the lowest applied norm_al

The samples were dominated by sandstone, in accordamﬁ{]ress' sample failure occurred at.a low value of the applied
with geological studies of the region by, e 4mos and Long shear stress. .At the sgcond loading stage, we found some
(1980, Amos et al(199]) andDalrymple et al(1990). Par- stress-vs.-horizontal displacement curves which matched a

ticle densities of randomly chosen samples were consistentl)?hear stress path expected in the case of loose sediments,
2.4-2.5gcm3. and some which already showed a tendency towards a peak

shear strength, as expected for denser sand. In some cases,
a step-like feature was observed in the stress-vs.-horizontal
displacement curves, likely corresponding to processes of

3.2 Geotechnical laboratory experiments

www.earth-surf-dynam.net/2/469/2014/ Earth Surf. Dynam., 2, 469-480, 2014
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Figure 5. Horizontal displacement versus shear stress of samples 0 Horizo:tal dis Iacement"{mm) 12
with a grain sizel <2 mm measured in the small direct shear box. i

The different stages of “Om?a' stress are _|nd|cated_ by different grayFigure 6. Horizontal displacement versus vertical displacement of
shades. At the highest loading stage, a difference in the shear streg

th bet the beach-f di ¢ q les f .s;\mples with a grain sizé <2 mm measured in the small direct
path between the beach-lace sediments and samples Irom permag ., 1,5y ynder the highest normal stress. First a short phase of

nen_tly submerged sngs can be observed, leading to differences IQompaction was observed, before a strong dilation was monitored.
the internal angle of frictiogp.

0,
re-arrangement of the particles. The same was true for the A8 agnayes

highest normal load. Here, we additionally observed clear
differences between the samples from the beach face and
those from the permanently submerged sites. Analysis of the
profiles led top ~ 46° for the beach-face sands apd- 42°

for the sand from the permanently submerged sites.

The vertical displacement was characterized by a two-
phase behavior that was approximately similar for all sands 50
independent of their origin (Fig). First, a phase of speci- / e —————
men compaction, i.e., a negative vertical displacement, was Pl
observed, corresponding to the range of horizontal displace- . ’ 5 i " #
ment when also the first plateau in the step-like shear stress Horizontal displacement (mm)
profiles was noted. This observation supports the hypothesis _ _ _ _
of particle re-arrangement and alignment during this phase.F'gu"e 7. Horlzon_tal dlsplacement versus vertical displacement of
After this compaction phase, a strong dilation behavior isgraveI measured in the large direct shear box.
characteristic of the Advocate Beach samples, reaching sig-
nificantly larger positive vertical displacements than the pre-
vious negative vertical displacement (F&). previously described phases of compaction and stronger dila-

The gravel tests in the large direct shear box revealed tyption. However, under the much higher normal stresses tested
ical shear stress profiles, as expected for loose granular ma? the ring shear, it stood out that the magnitude of com-
terial (Fig.7), and led tap ~ 33 for the pure gravel sample, Paction as well as dilation is governed by the normal stress.

200

— 5 kPa

- 0L

150 ottt (D = 330

100

Shear stress (kPa)

while the addition of sand resulted in an increasg te38°>.  Nevertheless, a noticeable compaction followed by a strong
The vertical displacement was characterized by compactiondilation was confirmed by the low normal stress measure-
no dilation was observed. ments in the ring shear apparatus, likely the test closest to the

in situ beach-face conditions where normal stresses are low.
Afterwards, a stagnation is reached in which the vertical dis-
placement level remains constant, before it comes to another
The vertical displacement during shearing was investigatedegative vertical displacement, governed in magnitude by the
in more detail in the 24 h ring shear tests (F&). Under  normal stress stage again. Furthermore, it was observed that
all three values of normal stress, the specimen expressed thmver the long-term shearing the sand experienced a process

3.2.2 Ring shear test

Earth Surf. Dynam., 2, 469-480, 2014 www.earth-surf-dynam.net/2/469/2014/
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The application of geotechnical laboratory experiments to in-
vestigate the behavior of elliptically shaped beach sediment
under shear stress proved to be a suitable and useful approach
to study the response to applied shear under controlled condi-
tions. Nevertheless, some issues have to be considered. First,
the collected samples hardly represented the in situ texture

: _ at the beach face, in particular in a submerged state, and un-
| | =———92 kPa : T der active flow and wave action. This is a well-recognized

[=]

Vertical displacement (mm)
\ =)
= o

—461 kg issue regarding sediment sampling in the field of subaqueous
_9?2 Ll | sediment dynamicsBlomqvist 1991, Larson et al. 1997
'1'50 5 10 15 20 25 Edwards and Glyssqri988. Specifically loosely arranged

Time (hrs) surface samples have to be considered significantly disturbed
. ) _ after retrieval, transport and storage. Instead of trying to pre-
Vertical displacement versus time for a sand sample mea('?erve the original state, we decided to account for this by

sured in the ring shear apparatus. After the previously describe . . .
phases 1 and 2 of vertical displacement, the specimen shows athir'c'iﬁls't"jIIIIng the sample in the shear boxes in a very loose, not

phase of behavior: a return to negative vertical displacement. Thé:p,nSOI'dated and fglly water saturated state, aiming for con-
magnitude is governed by the normal stress. Also, the intensity oid't'ons representative of submerged beach-face surface sed-

dilation in phase 2 seemed to be restricted by the normal stress. Iments which are frequently re-arranged by bed-load trans-
port processes. As we observed the re-arrangement of the

loose, unaligned particles during shearing, we argue that the
such as grinding. The particle sizes at the shear face were réaboratory-prepared samples mimicked fairly well the in situ
duced and, in the case of the highest normal stress, down toonditions of recently and loosely deposited sediments which
a silt size level. are exposed to increasing shear stress in the swash and surf

zone.

A second issue is the applied normal stress. Despite the

fact that the lowest normal stress possible, dependent on the
In a simple physical simulation, we tested the initiation of specific shear apparatus, was applied in the shear tests, there
particle motion of sand and gravel from Advocate in com- js no doubt that all tested normal stresses exceeded the nor-
parison to each other, and to other commercially availablemal stresses beach surface sediments are exposed to, a func-
gravel. The test series was part of a larger effort investigatingion of the particle weight of the mobile sediment layer. In the
the suitability of a new wideband coherent acoustic Dopplercase of the large direct shear box and the ring shear, the use of
profiler for the investigation of coarse sediment transport.jower normal stresses than standard would have impacted on
Detailed results and discussion can be foun&tark et al. the Operation of the shear boxes, and so was not possib|e_ In
(20143. The tray tilt anglexray at which first particle motion  the case of the small direct shear box, it was feasible to test at
was correlated to the respective transport velocities reachefhwer normal stresses. According to the Mohr—Coulomb fail-
approximately the center of the tray and was measured usgre criterion, the angle of internal frictiahderived from di-
ing the acoustic Doppler profiler MFDop and video obser- rect shear tests in which a range of different normal stresses
vations. The Advocate gravel showed a behavior similar towas tested is valid for the minimal normal stress scenario as
more angular, as well as more rounded commercially availell (see Sect2.1). However, Mohr's criterion allows for a
able gravel. Deviations depending on shape and size wergurved shape of the failure envelope, representing a nonlinear
observed, but will not be discussed in detail in this article. re|ationshipr; = f (o) (Mohr, 190Q Labuz and Zang2012).
A more distinctively different behavior was observed in the additionally, there are concerns as to whether failure stress
case of the sand. Initiation of particle motion of the Advocate and friction ang]es can be propeﬂy determined at low stress
sand did not start until tray tilt angles of 3ere reached, |evels in a shear boXBfuton et al, 2007). For the case of fine
while all gravel size particles started moving at tray tilt angles sands Lehane and Liy(2013 demonstrated that a conven-
of 21-24. This trend matched the observation of the angle oftional direct shear can indeed be applied at low stress levels,
internal friction determined by direct shearing; however, thepyt that corrections might be required, particularly at normal
exact values did not match. The difference can be explainedtresses below 10kPa. Their corrections led to a decrease
with the experimental setup. The majority of the sedimentjn ¢ by ~4° for o =4kPa, by 1-2 for o =10kPa, and
was fed from a hopper which was mounted to the tray. Nevertp no significant changes when> 30 kPa. Based on these
theless, it has to be considered that the predominant “fanure,ﬁndings’ no corrections were app“ed in this Study because
or slipping plane was the tray—sediment interface, likely lead-most of the tests were performed at normal stresses signif-
ing to the initiation of particle motion at lower inclinations.  jcantly above 10 kPa. Furthermor®2 > 0.95 regarding the



measurements and the fitted Mohr—Coulomb failure criterionthe derived angle of internal friction can be applied as an es-
line from which the angles of internal friction were deter- timate of angle of repose based on previous literature.
mined, and repetition of measurements for specimen from In this study we determined angles of internal friction of
the same sample material delivered consistent results (up t¢ ~ 41-49 for the flat, elliptic sand from Advocate Beach
three repetitions per sample). This indicates that the sheaffig. 4) using direct shear (Fig)). Considering that the tests
box results are reliable and that the angle of internal frictionwere conducted on loose sand samples, these angles of inter-
is unlikely significantly biased by the comparably low nor- nal friction were significantly larger than what was expected
mal stress measurements. from the literature (i.e., loose sand (roundegl}> 27-30;

The question remains of whether the results are applicaloose sand (angulardi ~ 30-3%; Das 1990. Instead, these
ble to particle remobilization of the beach surfaBagnold  loose samples fall in the high range of dense sgmd:40—
(1966 addresses the principle of solid friction with regard to 45° (Craig 1974 Das 1990. Similarly high friction angles
bed-load transport. He argues that the limiting angle of re-were reported for, e.g., angular rock, metal cubes and elliptic
posea of a mass of cohesionless granular solids relates theparticles byCarson(1977), Carrigy (1970, Cho et al(2006
required shear forc& to initiate motion under a respective andFrette et al(1996, respectively, highlighting the impor-
normal forceP in the following manner: tance of particle shape. Particularly, the elliptic rice parti-

cles had characteristic angles of repose ranging from 46.6 to

T/P = tana, ) 511 (Frette et al.1996.
consistent with the Mohr—Coulomb failure criterion. This  The threshold stress of the Advocate sand was estimated
supports the applicability of the performed shear tests forusing the direct shear box results and the equation suggested
the investigation of the shearing processes of the beach sedby Chepil (1959 and adapted for elliptic particles t§omar
iments, and suggests that the observed shearing behavior and Li(1986):
the laboratory can be qualitatively transferred to the beach tane
environment. However, some major differences arise resultzt = k' (ps — p) g1 ————————,
. . . 1+ 0.75tang
ing from sampling, sample positioning and sample prepa-
ration. The issue of sample retrieval has been discussed iwith ¥’ = 1 an empirical coefficient, the grain density, wa-
a previous paragraph. Other factors are, e.g., beach sloper densityp, gravitational acceleratiog, the length of the
(Rowe 1962 and the characteristics of hydrodynamic forces intermediate grain axig and the angle of internal frictiog.
exerting shear stress onto the bed. These aspects exceed fhiee estimated range af for the sandy fractions has been
scope of this article, but the latter is addressetiay et al.  indicated by the dark gray patch in Fig§.based on a dia-
(2014. The impact of sample density and packing on the an-gram presented bi{omar and Li(1986 plotting the grain
gle of internal friction and the relation to the angle reposediameter versus the threshold stress for a variety of parti-
however will be discussed in more detail here. cle shapes. Our estimates agree well the curves suggested

It has been well known since the mid-20th century thatby Komar and Li(1986 particularly for imbricated, angu-
the angle of internal friction highly depends on sample den-lar to ellipsoid particles. In addition to the above-mentioned
sity and packing and that it decreases with looser packinghigh angles of repose for elliptic rice particles, this favorable
(Taylor, 1948 Poulos 1971). While Bagnold(1966 in his agreement between our results and the studitdayar and
review on the principle of solid friction neglects the possi- Li (1986 strengthens the argument that the direct shear tests
ble difference in particle arrangement of a mass of cohesionare applicable to the beach environment and are likely to be
less granular solids and, thus, assumes that the angle of inteuseful for the investigation of subagueous sediment transport.
nal friction approximates the angle of reposkstcalf (1966 The friction angles measured for gravel matched the range
investigates the angle of internal friction in comparison to that has been previously observed for loose gra@ehig,
the angle of repose in more detail. Contrary to the commonl974 Das 199Q Simoni and Houlsby2006. However, mix-
assumption that the angle of repose equals the angle of ining the Advocate sand with the gravel led to an immediate
ternal friction for the loosest particle arrangemeévittcalf increase in the friction angle, expressing the opposite be-
(1966 showed that the angle of repose is the angle of in-havior to that observed in other studies in which rounded
ternal friction after a first consolidation following the initia- to sub-angular sand was mixed with gravel. B&moni
tion of shearing. For example, for a washed quartz sand hand Houlsby(2009 and Yagiz (2001) described a steady
found o = 37°, Pio0se=32° and ¢eonsolidated=37°. He also  decrease in friction angles with the addition of sand to the
observed that the angle of solid friction equaled,3bnsis-  gravel sample, while the Advocate sand led to an imme-
tent with Bagnold(1966. Based on these findings and the diate increase of friction angle after adding 25 % of sand,
negligible deviations between our shear stress measuremenisit remained constant when adding 50 % of sand. This sup-
for low and larger normal stresses from the Mohr—Coulombported the first observation that the Advocate sand withstood
failure criterion approximation, the application of the direct exceptionally high shear stresses in comparison to similar
shear test derived angles of internal friction on the bed sheapatrticle sizes of rounded or angular shape before failure.
stress scenario at the beach face seems to be justified. Thusyurthermore, this observation may motivate a more detailed
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Figure 9. Estimated range of threshold stress based on the shape measurements and direct shear tests of the Advocate sands plotted as t
dark gray shade into a schemelogmar and Li(1986. Our results agree well with their measurements of imbricated, angular and ellipsoid

particles in the same size range.

investigation of this issue. Our results suggest that the mix-
ing of elliptic plate-shaped sand with gravel can lead to an
increase in the internal friction angle compared to the char-
acteristic internal friction angle of the gravel and that this
behavior is related to the particle shape and characteristics
of the sand. More detailed geotechnical laboratory investi-
gations are required to test this hypothesis. For beach and
other aquatic environments, this finding might imply that
specific sands may strengthen a sand—gravel mixture against
shear forcing, while often the finer sediments are considered
the weak spot in cohesionless mixtures. Investigators have
studied the impact of bimodality of sand—gravel mixtures
on sediment entrainment and remobilizatigvilcock, 1993
Wilcock and McArdel] 1993 Shvidchenko et al2001), but

the behavior of the overall mixture and the impact of specific
sand characteristics has rarely been the focus of such studies.

phase 1:

re-arrangement of loose surface
particles during shearing
=>compaction

= S

phase 2:

new orientation of particles with
extended shearing

= dilation
= X

phase 3:
destruction of particles

= o I

This research could potentially have a large impact on beacfiigure 10. Conceptual sketch of particle arrangement explaining

nourishment strategies.

The observed dilatory behavior is another main result of
this study. It contributes to the understanding of particle re-
sponse to shearing in the soil matrix, and offers a conceptual
scheme explaining high angles of internal friction and strong
resistance to shear of the sand fraction at Advocate Beac
(Fig. 10). Again the difference in normal stresses and loca-
tion of the shear plane must be discussed here. At the beac%
face, shear is applied to the uppermost sediment surface an
failure occurs between the uppermost particle layers. In the

www.earth-surf-dynam.net/2/469/2014/

the observed time dependence of vertical displacement during shear.

shear box the failure plane is approximately in the vertical
ﬁenter of the box. Thus, compaction of the specimen is sup-
ported, while dilation is hampered by normal stress in the
hear box. Nevertheless, we observed a strong dilatory be-
davior of the Advocate sand specimen after an initial settle-
ment associated with particle rearrangement during initiation
of shear force. The samples dilated and remained at a certain

Earth Surf. Dynam., 2, 469-480, 2014



level of dilation until the end of the test. Even during long-  In summary, the geotechnical laboratory experiments sug-
term shearing in the ring shear, the specimen remained in gested that the sand fraction at the mixed sand—gravel beach
state of maximum dilation until particles were ground into in Advocate, Nova Scotia, has a high resistance towards shear
silt-sized material (Fig8). This led to the hypothesis that the forces and even increases the overall shear resistance when
Advocate sand re-arranges in a dilatory manner under sheamixed with native gravel. This finding can be explained with
ing and that this rearrangement supports a large shear resifhe flat and elongated shapes of the sand-sized particles. For
tance (Fig.10). Under the negligible normal stresses in the the beach environment, it can be concluded that higher shear
beach scenario, dilation is even easier, allowing a rapid andorces — meaning stronger flows and wave action — are re-
easy rearrangement of the particle matrix. However, the im-quired to mobilize particles than would be assumed from
pact of particle protrusion and lift must be considered herethe particle size. When particles are moved, sliding along
If one of the elongated particles moves into a more protrudedhe flat faces of the particles would be the favored trans-
position during the process of particle arrangement, sheaport behavior, and likely occurs before particle arrangement
and lift forces will increase significantly and will possibly under increased shearing. When particle arrangement finally
lead to the mobilization of the particlBégnold 1988. Re-  takes place, the particle matrix is strengthened by the new ar-
sulting gaps in the sediment matrix and the resulting increaseangement, and more transport and particularly entrainment
in bed roughness could then lead to a chain reaction of partiis hampered. This is in good agreement with the observations
cle mobilizations. These processes are entirely ignored in that the beachHay et al, 2014). No significant change was ob-
shear box tests. served at the beach surface under calm and moderate hydro-
The vertical displacement plots, determined using thedynamic conditions. Under storm wave action, sands were
small direct shear box and the ring shear apparatus, indicateshifted and formed ripples with the passing surf zone of the
that the samples underwent different phases of arrangemeffibod tide. During the ebb tide, the ripples were washed out
during shearing. In the following, we propose a concept ofby the retreating surf and swash, leading to a thin fine sand
particle re-arrangement during the shearing process that magover of the beach facél@y et al, 2014. Bed-load transport
explain the observed vertical displacement and failure sheadominated, while major entrainment of particles appeared
stresses (FiglQ0). Under first shearing, the loose and un- unlikely. Only the surf and swash flow conditions were suf-
aligned particles rearrange and align corresponding to theificient to trigger significant sediment transport, as no major
shape. This would lead to a denser state of particle packingnigration of the ripples was observed. Detailed findings and
explaining a first increase in shear stress and negative vertdiscussion with respect to flow conditions can be found in
cal displacement. With increasing shear stress, the particleslay et al.(2014.
may be erected, again guided by their elongated shape, al-
lowing for higher shear stresses and a strong dilatory behav:
ior (Fig. 10). This arrangement was so strong and final (pos-
sibly in an arrangement similar to shingles on a roof) thatThree different types of laboratory tests were performed to
particles were rather destroyed by grinding than re-arrange@ssess the behavior of sediments from Advocate Beach dur-
again (Fig.10) during long-term shearing. ing shear: geotechnical direct shear tests and ring shear tests,
A simple physical simulation in which the sand was eX- as well as simple physical simulations of sediment transport
posed to the tilting of a smooth tray was used as anothefnitiation. The sediments ranged in size from sandy particles
independent test of sediment mobilization. The experimentg gravel, and the sand-sized fractures were characterized by
was part of a larger investigation of particle velocity and par- 3 high abundance of flat, elliptic grains. The study was part of
ticle motion in bed-load transport of different particles SizeSa |arger effort targeting beach dynamics at Advocate Beach,
(Stark et al.20143. The tray tilt angle at which mobilization  Bay of Fundy, Nova Scotia.
of the sand particles occurred did not match the determined wjith regard to the research objectives of this study, the
angles of internal friction, which can be explained by the following conclusions can be drawn. (i) It was found that the
smooth surface of the tray. Thus, the results may only servgyeotechnical laboratory methods offer important insight into
for a qualitative comparison. Nevertheless, a clearly delayedhe soil mechanical processes under shear stress and sedi-
mobilization at much higher angles than the tested gravel wagnent resistance to shear, with potentially important implica-
observed, confirming that the Advocate sand was resistant t@ons for the sediment dynamical behavior at the beach face.
the initiation of particle transport. For future experiments, the (ji) pParticularly, it was proposed that the flat, elliptic shape
impact of the tray surface for testing the angle of repose inof the Advocate sand undergoes a specific process of parti-
comparison to the angle of internal friction can be signifi- cle re-arrangement and alignment that results in a significant
cantly improved by preparing the tray with a fixed layer par- increase in angles of internal friction. This strengthens the
ticles representing the tray surface as has been demonstrategind against shearing processes, potentially contributing to
by Sle\it-:érglainvestigatorsb/ﬂller and Byrne 1966 Buffington  the stability of the sand at the beach face against wave action.
etal, .
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