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Abstract — Buried sea mine remains a threat still unsolveth spite

of new sonar development. Reliable predictions of lere and
under which conditions mines will bury are not yetavailable.

Field experiments are required for a better undersanding of the
burial processes.

This paper reports on a field experiment carried ot between
January and April 2004 in the Bay of Brest (France)in

cooperation between French and German institutionson two

sites. The conditions at the two sites differed tlmugh the mean
water depths and the hydrodynamics conditions achied. At

Rascas, the sea bed is almost uniquely submitted taal and

river current flows. Very limited mine burial was observed. The
dynamics at the second site is driven by tides aratean waves. A
one week long storm and several swell events wereperienced.
They resulted in significant mine burial. The first part of the

paper reports on the joined analysis of mine burial data,

sediment data, sea bed observations and hydrodynacsi
measurements. In a second part, comparison is madeetween
burial and the predictions of mine burial using vaious models.

I. INTRODUCTION

Sea mines were first used on a large scale duniag t
First World War and resulted in severe damage torngercial
and military shipping. Since that period, sea niewhnology
has become increasingly sophisticated. In spitsigrificant
progress in countermeasures, the threat is stgnt. Mine
burial into the sea floor is one of the main reasfor the
continuing threat in spite of new sonar technolbgged on
synthetic aperture or parametric transmission tegctas,
allowing both low-frequency and narrow-beam waves t
penetrate into the sediment. Keeping ships awaw foarrial
risk areas remains the only secure way for naveprotect
their vessels from the mine threat. Reliable pitgatis of
where and under what conditions mines will or witit be
buried are not yet available. Models exist, butytmeed
further validation under different sediment and togtynamic
conditions. Field experiments are required for dtebbe
understanding of the burial processes. They demiied
simultaneous monitoring of mine burial and of tlecing
environmental conditions, in addition to knowledgd
sediment properties. Several field experiments Hteen

carried out in recent years. The present papert®po
on the field experiment carried out in France betwédanuary
27, 2004 and April 8, 2004, in cooperation betwé&eench
and German specialized institutions, [1].

Two sites, with different experimental conditions,
were chosen in the vicinity of Brest. The goal difet
experiment was to observe the mine burial phenontkat
occur in two different hydrodynamic environments ayver
time scales of one hour to a few months. BesidssaVi
observations, mine burial was continuously recordsthg
Burial Recording Mines (BRM), while tides, currergmd
waves were continuously measured using currentsseted
pressure sensors mounted on tripods laid out irvithieity of
dummy mines. The results are complemented by alysisa
of sediment core samples taken at different timaing the
experiments and by three sonar observations ofs#zebed
and of the equipment laid out.

The results of the experiments were compared with
the predictions of mine burial models; a model ammentary
liguefaction by theaction of waves, and a wave scour model.

II. DESCRIPTION OF MINE BURIAL EXPERIMENTS
A Ste characteristics and equipment depl oyed

The first site, Rascas, is located within the Bdy o

Brest. It is well protected against open ocean wat#ow is
mainly caused by a tidal current (up to 0.45 mtnkined
with river outflow. Water depths vary with the tiftem 32 to
38 m. The second site, Bertheaume is outside tyeoBBrest,
well exposed to North Atlantic waves propagatingnirthe
West and South-West. Flow over the bed is mainlised by
waves. Water depths range between 17 and 23 milvattide
driving currents up to 0.35 m/s aiabove the bed.

The duration of the experiment was shorter at Rasca
than at Bertheaume. Equipment was deployed at Bdswa
January 28, 2004 to March 11, 2004, whereas therampnt
at Bertheaume ran from January 27, 2004 to Aprie@4.
Intense sediment transport and significant mingdabwrere
observed at Bertheaume during the experiment, wieley
few changes were noticed at Rascas. Because qof th@s
experiment at Rascas was not prolonged.



Three different mine-like objects were deployed on

each site: two dummy mines with the shape and &ighw of

Rockan and Manta mines and a Burial Recording Mine

(BRM) “Fig.8".The BRM has a cylindrical shape witivo

different ends, a tapered end and a conical enelldrgth and
diameter are 1.70 m and 0.47 m, respectively. ksght is
about 500 kg in air. A BRM has the capability of mitoring

the state of burial of the mine casing using opseasors.

Time series of flow properties were measured using

current-meters of different types, mounted on tlipplaced at
a distance of about 10m from the mines. Due totéichpower
supply autonomy and insufficient recording capacitye
current-meters were changed during the experiménto
different types of current-meters, Aquadopp andtdiedoth
produced by Nortek A/S, were deployed. One Aquadwpp
used at Rascas. It measured 15-minute averagesttinb
current and pressure. Mean water depth variatiomsew
deduced from pressure. Two Vectors and one Aquadeop
used successively at Bertheaume. In addition tcsoresy the
three components of mean velocity, temperaturepaadsure
(tide), both instruments also recorded pressurevelutity at
2 Hz in 20 minute records. The recordings wereest@very 1
hour for the Vector and every 6 hours for the Aqmd The
wave properties, including frequency spectra of tdyot
pressure and velocity, were determined from theggh-h
frequency records. The bottom wave agitation véyodiy,,
(defined as the square root of twice the bottomoacigt
variance) and the corresponding bottom orbital ldsgment,

Fig. 1: Image from the RESON sonar

Observations by divers revealed that ripples oeclurover
coarse sand whereas the flat sea bed area consisfeter
sand. The location of the BRM was identified in thege at
some distance from the ripple field.

The two other sonar acquisitions were conductetl witnch
Navy vessels on March 10 and March 11, using a “DlJB
41" Side Scan Sonar and a “DUBM-21E” Hull Mounted
Sonar, respectively, “Fig. 2 and 3". These sonages again
show the variability of the sea floor where the esinand
equipment were laid out. The coarse sand area edwsith
ripples and the flat bed with finer sand are visibRipple
wavelength is estimated to be about 1 m by compaitie

a,, were also determined. In the case of monochrematijgngih of the ripples with the length of the shadsithe BRM

waves, these parameters are the amplitudes of tne-w
induced velocity and displacement at the bottorspeetively.
Further, the significant wave heighis, was determined using
linear wave theory [3] applied to the low frequerf®ss than
0.15 Hz) part of the bottom pressure spectrum.

observed on sonar images. Comparison of the Resoar s
pictures taken at the beginning of the experimedtthe sonar
pictures taken on March 10 shows that the rippfgsear to
have moved between January 29 and March 10. Oradanu
29, the BRM was 3 - 4 meters outside the ripple avbereas

All equipment was deployed and recovered by diversit lies at the edge of the ripple field on the ireagn “Fig. 2

Divers also reported on the mine burial, takingtpgoaphs of

and 3". Tripods, Manta and Rockan mines are alsm $e

the mines, and sampled sediment cores nearby. The#eese images. The Rockan mine is inside the riffielel

operations were repeated six times over the peiiding

operations where carried out when the sea was ddénce,
the photographs do not show the field during acsiediment
transport conditions. However, they enable the B&dta to
be verified and account for general variations @udisment
deposition and erosion in the vicinity of the mines

Significant changes in the sediment cover werey

observed during the experiment. They are describethe
next sections.

B. Sonar observations

Three sonar data acquisitions were performed ghBaume
during the experiment. The first sonar images waken the
day after the equipment was laid out, using a Resmrar

whereas the Manta mine is on the flat fine sand.are

The sonar operation on March 11 was performed ‘ddirze
Hunting Operation” with the use of two sonars, dioge
detection and the second for classification.

This mine hunting operation was thus conductedrieioto
correlate detection and classification performaneés the
egree of mine burialDuring the mine hunting operation
performed on March 11, the BRM was both detected an
classified successfully as a cylindrical mine megtdon the sea
floor and the exact size of the object was fourtte Tine was
not in fact buried that day, as discussed in SediicC. The
Manta mine was more than half buried and locatedhat
centre of a large basin. It was detected but ragsified. The
mine's position inside the crater did not permisetvation of

mounted on a ROV (Remote Operational Vehicle). Twoy shadow. Neither detection nor classification fed flush-

distinct areas were distinguished on the pictuoes, rippled
area and another flat bed area “Fig. 1".

Observations by divers revealed that ripples oeclurover
coarse sand whereas the flat sea bed area consistfeter
sand. The location of the BRM was identified in thege at
some distance from the ripple field.

buried Rockan mine was possible that day.



layer was covered in the meantime with coarser.sanerage
values are given in “Fig. 4", but the vertical stiure of some
cores reveals that the coarse sand was coverinfingheand.
Changes in the sediment size over a depth of 20wene
observed. This is a clear indication that the mmeial
observed between the beginning of the experimert an
February 18 is caused partly by the transport ofirser
sediment into the vicinity of the mine where sedimmwas
deposited. This is quantified by the core analgsid is also
accounted for by the sonar images. The mega-ripplege
over coarse sand in response to hydrodynamic fgrcin

qraw| charse sand medium - zand ine zand wery fine zand mud

Fig.4: Change in sediment grain size distributioh a
Bertheaume (near the BRM).(Gravel: d > 2mm ; Coallse
[0.5 - 2] mm ; Medium: d =[0.25 — 0.5] mm ; Firee= [0.125

— 0.25] mm ; Very Fine: d =[0.05 — 0.125] mm : Mud= [5

- 50]um).

[ll. OBSERVATION OF MINE BURIAL

A. Mine burial measurement procedure

- 'I:fjpodes-r

Mine burial was monitored using Burial Recording
Mines (BRM) deployed at the two sites for the perad the
experiment. BRM were developed by the German
Forschunganstalt der Bundeswehr fir Wasserschall un
Geophysik (FWG) and were operated by FWG duriraddri

BRM's are equipped with three rings of 24 lightdiges
equally spaced around the mine at 15° intervale Tight
bridges (light emitters and receivers) are in snhallsings
welded onto the mine casing. At pre-set intervaks rhinutes
for our experiments) light is emitted for a shoeripd. Any
Fig.3 : Pictures from Classificator screen of theBM-21E  bridges in which the receiver detects no lightigipreted as
(11 March 2004). a buried sensor and a "1" is recorded. If lightegected by the
receiver a "0" is recorded. Analysis of the seqeent 24
numbers "0" or "1" recorded at a specific time &tirsensors
Sediment core samples were taken by divers on aeverdetermines which of the light bridges are buriede BRM's
occasions during the experiment, four times at Baand five are also equipped with motion sensors that yieddpitch and
times at Bertheaume. The sediment distributions ewerroll angles of the mine. The three rings are dehd®RB",
determined as averaged values over each coredfiythl of "RM" and "RF". The soil levels, andh, are measured by the
the sediment cores varied between 10 cm and 27Bmcause three sensor rings on both sides.

spatial heterogeneity was visually observed, camples
were taken at two different locations at Bertheauome close Neg. Roll 24 123 Pos Roll
to the BRM and the other close to the Manta mirtee Tfirst A
observation is that the mud content is very lowe Fbediment
is mainly sand at the two sites, with a significgoantity of
shell debris at Rascas. Another feature of the samaples
observed at the two sites during the experiment thas %
variability. The sediment surface layer was redularashed o
away at Rascas. The change in sediment grain Eizébdtion N
at Bertheaume over the duration of the experinsedisplayed 13
in “Fig. 4”. The sea bed near the BRM consistedired sand
at the beginning and at the end of the experintmritthis sand

C Analysis of superficial sediments

Fig.5 Cross section of BRM



Determining the soil levels; andh, allows any asymmetry in
the process of burial to be detected. The dimefessrburial
measured by each of the three rings of sensorgés @y

h a.+a
Fm =05- 0.5008%) =05- 0.5008%) 1)

The anglea;+a, is determined from the numbéf of buried
bridges.

B. Observations of mine burial in a current-dominated

environment

Almost no mine burial was observed at Rascas, wineréow
is produced mainly by tidal motions. Wind waves gyaited in
the bay are not long and high enough to createifiignt

velocities at the site. The dimensionless minedhm/ D
was measured by the BRM at less than 7% over tkeaod
half months of the experiment. These very limitddhrges
were confirmed by photographs and divers' obsamatiNo
burial was visible. These experimental data ateuseful for
a model sensitivity analysis. Possible mine bupiaddiction
by models has be considered in our study, staftioigp the
field conditions achieved at Rascas during the exmnt. The
mean water depth was 35 m. The tidal amplitude &/&sm
for spring tide conditions (with a maximum velocidy the
bottom of 0.45 m/s measured at 1 m above the badi2am
for neap tide conditions (maximum velocity at thatom of
0.1 m/s). Wave properties were not measured ataRazod
are expected to be insignificant.

C. Observations of mine burial in a wave-dominated

environment

The change it at Bertheaume is shown in “Fig. 6”,
revealing several wave events that occurred during
experiment. Storm conditions with a wave heightticously
above 2 m and reaching 3.8 m existed from Janu&ryo3
February 6. Long waves generated by distant stamiged as
swells with several events for whidty peaked between 1.5
and 2.5 m (February 13 and 16, March 4, 12 and\gél| 4).
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Fig.6: Reconstructed wave height time seritsg (

The peak wave periods generally varied betweenolDits,

reaching 22 s on one occasion on 22 February. Dhi®rb

r.m.s. velocity variations produced by waves (egcluding

the 15 to 30 minutes average current) has beenlatdd and
appeared closely correlated because of tfwlerate water
depth and fairly constant peak period.

“Fig.7” shows the change in the dimensionless nineal
h/D measured during the experiment at Bertheaume &y th
three rings of the BRM respectively. Data are plbtevery
hour, with each data point being the average valuthe 5
records in a one-hour window centered on the avsgagne.
Rapid mine burial occurred during the initial stofdanuary
31 to February 6). The mine was almost completalyeld on
February 5 when wave activity was maximum. The degf
burial then decreased when wave activity becameeave&or
most of the experiment, the degree of burial measaround
the three rings is about half the mine diametee dagree of
burial measured by the middle ring was often grethizn the
burial around the rings located near the mine efitiés is
shown by “Fig.7” and confirmed by the statisticatimates.
Changes in the position of the BRM were observety on
during the early days of the experiment (Januaryt@8
February 2) and suddenly for two events (March 1@ a
March 21) discussed later. For most of the experinibke
mine's position was stabilized by the sand surrmgnénd
covering it and the burial was increased by sedirtransport
and accumulation around the mine.
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Fig.7: Mine burial measured at Bertheaume by tB&R}
sensors rings. (aRB ring, (b). Ring RM, (c). RF ring -blue
line, hy/D; red line,(hy-hy)/D.

Variations in the quantitgh,-h,)/D are also plotted in “Fig. 7”.
The quantity(h;-hy)/D is usually much smaller thah,/D,
indicating that no significant asymmetry in bed dewas
measured between one side of the mine and the adiher
mean values and rms variances(tafh,)/D are less than 6%
and 12%, respectively. There is no clear indicatioat mine
burial occurred as a result of sand wave migratitor. do the
bed level changes occur at delayed intervals derdifit
positions around the mine. Although the ripple diel
contributes to sediment transport in the areauggested by
the sonar images the sediment transport and daposit
causing mine burial occur at a scale greater thanripple
wavelength.

Several important events of different types can be

identified in “Fig. 7”. The first one is the vergpid burial of
the BRM observed during the storm at the beginmhghe
experiment (January 31 to February 6). It can bBls®een in
the burial record that the BRM became almost cotaple
uncovered during two short periods observed on Ma&and
on March 21. The dimensionless sediment levgl® and
h,/D measured by the three sensor rings on the rightlefh
sides of the BRM during the initial storm highligtite fact
that the sediment deposits vary in the same maamiat the
same time on both sides of the BRM. It is also riyea
observed that burial at the middle of the BRM isrencapid
and significant than it is at both ends of the mifd&e
variations are about the same and they occur samediusly at
both ends. This may be due to the horseshoe-shaptdes
attached at both ends of the mine, as describediaftelation
to the model of Voropayewt al. (2003), [5]. A careful
analysis of the burial records shows that the R& RR rings
were sometimes totally uncovered for about 1 howning
these periods. This presumably coincided with tbeuorence
of a scour pit and the sudden change in pitch anuy
indicate that the mine was falling into it. Howevalthough
the phenomenon was clearly observed, its few oenggs
show that it can only explain a limited amount bé tmine
burial.

“Fig. 7" shows a dramatic sequence that occurrathduhe
days around March 12, 2004. The significant wavigtte

reached about 2m “Fig.6” and, within a period ofd&ys
shown, sediment was washed away three times.
observation cannot be attributed to measuremeiorsgras
sudden changes in the pitch or roll angles occurred
simultaneously. A significant amount of sedimentsvagain
deposited around the BRM between these three eventse
middle of the mine, the sediment deposit reachelé@h of
about half a mine diameter during the interval lestv the
first and second event, and about 75% of the miameter
during that between the second and third events. pgériod
between the first and second events was one dagnbuhalf

a day between the second and third events. Theéaendicate
that the phenomena observed are very rapid anderegtr
events. It is also striking to see that sand erpsiodeposition
occur simultaneously all around the mine. Sedinm®itom
changes occur at a scale that is larger than tleeo$ithe mine.

As observed previously, the depth of sediment dépas
greater in the middle of the mine than at the ends.

The

Photographs were taken by divers on five occagiomisg the
experiment. The first pictures were taken on Jan@8r when
the mines were installed at the site and the lastsowere
taken, when they were recovered. Some photograpbhs a
shown hereafter. Each of the pictures gives onigitéd
insight into the phenomena described above, bectuse
photographs could only be taken when the sea wias. qu

Fig.8: BRM — January 28

The extreme phenomena discussed above cannot bkeche
visually in the pictures. The photographs, howewenfirm
that significant burial occurred at Bertheaumeleasst up to
50% of the BRM diameter “Fig. 9.

Fig.9 : BRM status on February 18



Although the bottom is covered with ripples, they dot
appear to be the morphodynamic feature of the s=ditthat
determines the degree of mine burial.

Similar burial of the Rockan and Manta mines arsoal
observed (Figs.10 and 11).

Fig.10: Rockan mine status on February 18

In particular, larger scale morphodynamic bottorarges are
noticed around the Manta mine “Fig. 11”. This wasdted on
February 18 inside a large basin which was not rvlse
before.

Fig.11: Manta mine - February 18
The mines were initially located on a flat bottoRid. 8”.

IV. COMPARISON OF MINE BURIAL WITH MODELS
A. Mine burial models

Observations and measurements of mine burial infitid
were compared with predictions by especially twalels:

triggered by the gas contained inside the soil, for

representative sediment and hydrodynamic conditions

Laboratory experiments on the scour produced byewav
around a cylinder of finite length were recentlpaoged by
Voropayev et al. (2003). Five different scour regémwere
identified, whose conditions of occurrence are roli in
terms of the Keleugan-Carpenter number

uT

and the Shields number
(ps - pw)gd

D is the cylinder diameter] the wave period and) the
amplitude of velocity motions at the bottont is a
characteristic skin friction acting on the sedimasta shear
stress at the scale of the sand grains. Other paeasnare the

density of the sedimer Psand water P, the grain sized,
and the acceleration of gravigy

The five scour regimes are distinguished as follows

v Regime with no scour (I): this is obtained when the
Shields number is too lovi(<0.018).

v Initial scour regime (l1): local erosion holes areserved,
in particular at the tips of the cylinder.

v' Expanded scour regime (ll): local scour holesraezged
together at higher flow speeds.

v Periodic scour regime (IV): scour action is geretabn
both sides of the cylinder by a horse-shoe vorteached
at the two ends of the cylinder.

v' Sheet-flow regime (V): this regime occurs for vérigh
values of the Shields number. Non-uniformity of gea
bed is eliminated.

The conditions of occurrence of the five regimesrewne

determined in terms dKC and Sh and the curve&C(Sh)

separating the different regimes were interpolated.

60

40

KC

20

v' A model of the momentary liquefaction of a sandy be
under the action of waves, which was developed by
GESMA (Groupe d'Etudes Sous Marines de I'Atlantique

v" A new scour model recently proposed by Voropayeal.et
(2003), [5] that predicts the scour produced by egav

0.30

Sh

Fig.12: Figure from Voropayest al. (2003), [5].

around a cylinder of finite length.
The GESMA momentary liquefaction model is basedtton
equations published by Sakai, see reference [&.dEgree of
burial of mine-like objects of different shapesdistermined
from the static equilibrium of the object in thgquefied layer.
The reader is referred to Gratiot and Mory [2] éodetailed
description of the model and a sensitivity analysfsthe
momentary liquefaction model with regard to its graeters.
The main result is that momentary liquefaction sually

“Fig. 12" shows the conditions of the four regimeproduced
from [5]. The depth of scour was only determined fioe
initial scour regime (l). It was found to increaséth time
according to:

S(t) o7t
o ex{_ BSOOT) @)




The maximum scour dep S” is :
%D = 1.3/ — e 008(KC-2) ].[l— a~40(s-0019

(%)

B. Field experiment conditions

Table 1 summarizes the conditions at Rascas antidzeme
that were used for the computations. Two measueddrent
conditions, one corresponding to fine sand andather to
coarse sand, were used for each site. Table liralka@les the
values of the porosityn and the permeabilitk, estimated
using the Hamilton formula. The values of sedimeensity
and water argo; = 2650 g/l andg, = 1025 g/l, respectively.
The Shear modulus and the Poisson ratio of thel swil
skeleton were taken to i@ 10° Pa and v=0.49.

No mine burial was observed at Rascas during tperarent.
Computations also predicted no burial for the cthads of the
field experiment. Two different wave conditionsofsh and
swell) were used to compute mine burial at Bertheawas
determined from observations. Wave height, periodl a
bottom wave agitation velocity variations are giweable 1

Table 1 Main characteristics observed at Bertheauesp. at
Rascas)

BERTHEAUME (RASCAS)
Sediment B1l| Sediment B2
Grainsize d | 148um (330) | 607 um (868)
Porosity n 0.45(0.36) 0.41(0.37)
Permeability k | 4.010°m/s | 44 1d m/s
(7.510%) (58 10
Spring tide Neap tide
conditions conditions
Max. water depth| 23 f88.5) | 20.5 m(36)
Min. water depth 17 n(32) 19.5 m(34)
Mean water depth 20 §85.25) 20 m(35)
Max. bottom curren®.35 m/s(0.45)(0.05 m/5(0.10)
Bottom wave agitation
velocity
Storm conditions 0.4 m/s - 0.7 m/¢NO)
Swell conditions 0.3 m/s - 0.5 m/¢NO)

C. Mineburial predictions

Computations of possible mine burial by liquefactio
caused by waves were performed using the GESMAvaodt
Considering the results of a former study by Gtadied Mory
[2], it was expected that liquefaction was unlikeby occur
with the conditions of the field experiment. Gasitemt is the
triggering parameter of liquefaction. Although tlyeantity
was not measured, the expected values are les910a% in
the sandy beds at Rascas and Bertheaume, becauszathbed
is neither in contact with the air, which happensniertidal
areas, nor is the decomposition of organic matterugh to
create methane. No liquefaction was predicted byGESMA
model for the Rascas and Bertheaume site conditites the

gas content was 0.1% or less. Unrealistic wavehteiglues
are required to produce liquefaction. They confithat
momentary liquefaction cannot occur at Bertheaume a
Rascas with the field conditions observed durirgyttial. The
model does not take into account the possibilitycgélic
liquefaction. This process of liquefaction can WEserved in
fine sediments like silt and is unlikely to occur coarser
sediment. Recent observations on a sandy beaahotlishow
any cyclic increase in pressure inside the soisedby waves
and momentary liquefaction was observed [6]

The wave scour model of Voropayev [5] will now be
considered. This is potentially much more relevéort the
Bertheaume site, where observed mine burial isetaied
with wave forcing. The Keleugan-Carpenter and Slsiel
numbers (Egs. 2-3) with the conditions observed at
Bertheaume may be estimated from field data. Theugan-
Carpenter number is determined using the measutsnan

U, . andD=0.47 m for the mine diameter. The variation in

wave period was determined from the peak frequénsy/T
in the wave spectra measurdg. was found to vary little
during the experiment0(07 Hz < f, < 0.1 Hz) and its value
was not correlated to the magnitude of wave agtivit

The variation in the Shields number during the
experiment is shown in “Fig.13” for two typical gmasizes.
Normalized Shields numbe&i=S/Sh, are plotted using the
critical Shields numbeh, for two typical grain sizes, as
estimated from [4]. The normalized Shields numbars
significantly larger than 1 during the storm andeBvevents,
indicating that sediment transport should be sigaift.
Ranges of variations of the Keleugan-Carpenter Shields
numbers has been estimated for the storm and samtlitions
given in Table 1. The Shields number is found tdigd with
most conditions. Using the values of t€ and Sh numbers,
the scour regime was determined for each conditrom
“Fig. 127, [1]. With coarse sandd€735 pm), all swell
conditions correspond to the initial scour regiigwWhereas,
with the storm conditions, this regime (ll) is orfbund when
the less active hydrodynamic conditions are comsiléWith
the conditions of the initial scour regime (Il),etmaximum
scour depth was determined from Eqg. (11). No esérnéthe
maximum scour depth is given when the conditions
correspond to the expanded scour regime (Il) ergériodic
scour regime (IV), as [5] did not provide any estim for
these regimes. This is the case in particular iitb sand
(d=174 pm). Fine sand conditions correspond to the expanded
scour regime (1) or the periodic scour regime)(IV

Several conclusions emerge when comparing the
predictions from the model of Voropayet al. (2003) and
field observations. The Voropayev et al. model [5]
incompletely predicts mine burial by wave scour dwese
scour depths are only predicted for the initiallsccegime.
However, the range of predicted scour depths mrifgime is
wide (21% to 67%). An accurate prediction of buiglnot
obtained, but the magnitude of predicted bed level
displacements is in agreement with the observec rhunrial,
while the significant variation in predicted valuesith
hydrodynamic parameters is also consistent witleagions.



Comparing field observations of mine burial withegictions
of scour depth should also be handled with carauss scour
depth and burial depth are not identical. Finaliy, is
worthwhile considering the time scale of scourfpitmation
as determined from Eq. (4). In the case of a wageog

T=10s, the time scald ”=330QT /277 for generating a scour
hole is about 1.5 hours. This time scale is in itpiale
agreement with the observations at Bertheaume.

]

Normalized Shields number
(wave motion only)
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Fig.13 Shields Number time series at Bertheaume
(normalized with the critical Sh number for therdigter
considered) — Blue line d= 1irh - Sh=0.07 — Red line d=
735um - Sh=0.03

V. CONCLUSIONS

around the mine, the burial process cannot bebatad to
sand ridge migration. The data also show thatah@dtion of
scour pits at the end of the cylindrical mine onlgcurred
during a very short part of the experiment. Thigmmenon
is not responsible for most of the burial changbseoved
throughout the experiment. "Extreme events" werso al
observed, with burial occurring very rapidly (1.6uns), or
sediment being completely washed away from the wittgn
one hour, followed by re-burial. It was also obsehrvthat
increasing wave activity tends to increase theayetevel of
mine burial.

Mine burial observations were compared with thedjgtéons

of available models. Particular attention was geitivo mine
burial models. The GESMA momentary liquefaction mlod
predicted no mine burial for the conditions of theriment.
This was an expected result, considering the csiais of
previous studies. The main reason for not observing
liquefaction is the absence of gas inside the soil.

This study highlights the need for mine burial msede
involving wave motion. The results were comparedhwi
Voropayevet al. [5]. Although it is not that obvious from the
field results that burial was produced by wave scather
than by the overall sediment transport in the arkwe
prediction of scour depth is, however, in genegieament
with the sediment deposition depths measured ifi¢ta
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