Coastal protection performance of the SIC Pressure
Equalizing Modules.

Results of the three years field test at theouthern Holmsland Barrier on the
Danish North Sea Coast

by
Hans F. Burcharth
Prof. dr. techn, dr. h.c.

Department of Civil Engineering
Aalborg University
Denmark

2 June 2008

The reportcannot be used in citations without the permission of the author.



Foreword

The author of this repohtas been involved in the testing of the $fessure Equalizing Modules

for many years after a request from Mr. Poul Jacobsen Agt@ugh it was indeed not from a

physical point obvious why such a drain system should haygm#disant effect, | recommered

that the system was tried out in a field study, simply because it was a very inexpensive and harmless
method and therefoilgad a large potential if it workeMy technical reasoning was that if the

system could chandeevena little 7 the delicate balance between sand settlement in wakgstp

and the erosion in wave dowush then the effect could be positifdéis pragmatic approach of

trial and error was not understood among international coastal engineering spedialistgarded

two system worthless.

The former tests, based on very limited financial support ended to my opinion inconclusive with
respect to the efficiency of the PEM system.

The financial support of the present field test made it possible to go maeptimwith the function
of the system.

Front: Photo of SI€Pressure Equalizing Modules at Skodbjerge (Hans F. Burcharth).
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1. Introduction
1.1.Former investigations

Skagen Innovation Center (SIC) has patented a method for coastal protection by means of spatially
distributed vertical perforated drain pipes placed in the b&dehdrain pipes are denoteteBsure
Equalizing Modules (PEB) by SIC.

The autlor of this report participated in planning and evaluatbtwo earlier tests with PESIA

five years test (19992004) at Skagen Klitplantage is reported in a number of reports, the latest one
being Burcharth, 2005. A three years test (20003) at Skaérup Kiit is reported in Burcharth,

2004. Both locations are sandy beaches faitiagNorth Sea in the North oftland.

The two studies were solely based on comparative analyses of surveyed beach profiles from
stretches with and without PEMINo financiasupport for more detailed invégtions of the

function of PEMs was available. Although some sigrisa positive effect of the PEdAwas

observedit was not possible for the author to present a definitive conclusion because the natural
variations of théeaches due to erosion and accretion of sand are very large and hide the effects of
any manmade interventions unless these have significant eNexrtsover, the author could not

find a physicakxplanation pointing to a significant effect of the PEMays

1.2 The present investigation

In accordance with the agreement of 18 August 2004 between SkageationCenter(SIC) and

the Danish Governmental Coastal Autho(kyDI) a field test with the purpose of demonstrating

the efficiency of the SIC vedal drain method as a mesfior coastal protecting was initiated in a
meeting 24 August 2004.

In the agreement is stated tHag test period is three years after which a final report has to be
presented. The report shall contain an evaluation of the dyatem with respect to qualitative and
guantitative efficiency and environmental impact, as well as a related comparison with conventional
coastal protection methods.

Besides the final report yearly reports have to be presented as well as a reporeaiaéfter the

start of the field test.



With the availability of approximately 1 mill EURO for the test it was possible, besides surveying
of the beacland shorefacgo make more detailed investigations of the function of the PEMs.

For the evaluatiothe following two experts were retained

Prof.dr.techn., dh.c. Hans Falk Burcharth (HFBappointed by SIC
Prof.dr.techn. Jgrgen Fredg@d€), appointed by KDIParticipated since 29 October,
2004

The two experts were obliged to take part inglaning of the field tests including selection of the
test location.
Besides the two experts the project group consists of

Director, engineetiPoul JakobsenSIC

EngineerClaus BroéggerSIC

Project manager to #¥March 2006, M.Sc. Christian Laustrup, Senior Consultant, KDI
Project managdrom 28h March 2006 M.Sc. Per Sgrensehlead of castalresearchKDI
M. Sc.John JenserkDI

The present repgrauthored byans Falk Burcharths the final report written as astandalone
report for which reason it repeats parts oféhdier project report.

Figures and tables marked with KDI as origin have been defined and requested by the author.
The overall conclusions are presented in Chalfter

This report cannot be used in citations without the permission of the author.

2.The PEM system

The PEMs used in the present tests 2ama longcircular63 mm diameterpipes. The upper 0.75 m

is metal and the lower 1.25 m is plastic with 0.2 mntssiothe 1 m lowest parThe slots allow

water to flow in and out of the pipe, but avoid penetration of sandy beach materials, see photo Fig.
1. The bottom end of the pipe is closed. The top end is semi closed allowing only air and water to
go through.



Fig. 1. Photo of PEM pipéDI).

The pipes are placed vertically in digged or drilled holes with top level approximaetylelow
the beach surface at the time of placing, seeZ-ig.the present tests the helere drilledsee
Fig. 3.The drilled hole has a diameter of app.ch®. The space around the® diameter pipe
(30cn? cross sectional area) is filled with sand. This impliesplasibleémpermeable or less
impermeable layers dowtn app. 2.3n under the sand sade are penetrated and a 8¢ sand
drain established around the pipe.

The pipes arpositionedwith a distance of 10 m in between them in rows across the beach. The
distance between the rows is 100 m, see Fig. 4. The average spatial density ispbegyed 3000
m?, indicating the low cost of the system. More pipes can be added if the beach gets wider.
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Fig. 4. Layout of PEM scheme

3. Selectbn of test site

According to agreement between SIC and the Ministry of Tahspstretch of approximately

10 km on the Danish North Sea Coast should be selected for the tests.

Conditions with respect to hydrographic and geomorphological conditionkidheas

homogenous as possible along the stretch. Moreover, influence ahadminterventions should
be as small as possible.

Only two potential sitesould be found by KDIA 15 km long stretch &kodbjerge just south of
the pat of Hvide Sande, andakm long stretch at Skallingen north of the town of Esbjerg.

The netsediment transport is southwards at bottsskiat much larger at the Skodbjerge sitee
Hvide Sande jetties north of the Skodbjerge site create leeside erosion for which reasoeasbme
parallel detached rodireakwatersre placed just south of the jettidéis coastal protection has
been supplemented with beach nourishment and nourishment at the offshore bar approximately 600
m from the shore, cf. Fig. &rosion decreasdo the south so that just south of the 15 tast

stretch the beach gable Accretion takes place further souBeach nourishmentould, according
to KDI, not take place in the three years test period, but nourishment at the offshoceiloar w
continue.

KDI and JF were in favour of inspecting and most probably selecting the Skallingen site as it seems
more homogeneous, and no nourishment takes aosion takes place over the full length of the
actual stretch of cogshainly becauséormersupply of setinents from Blavands Huk has more or

less terminatedA groin system at theorthernboundary of the Skallingen site might contribute to

the coastline retreat due to lee side erosion. SIC argued that the length was too short as a 10 km

9



stretch was need. Moreover, SIC regarded the influence of the grmrbe to disturbing for the
tests.As SIC refused to use Skallingen it was deciteal meeting 16.12.0#b use the Skodbjerge
site, despite the not ideal conditions because of the bar nourisi8t@otaimed however that the
bar nourishment would have no or marginal influence on the test results.

It should be noted that in 2004, i.e. the year in which the project stidmeelvas placed 600.000

m® of sand on the bar, so eviérihe bar nourishmentas stopped, the already placed large amount
would have somé but unknownri effect on the coast.
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4. Planning of the test and installation of PEMs

The basidor the evaluatiomf the testss a conparison of the morphological chaesgjin stretches
with and without drain pipeas well as more detailed investigations and calculations related to the
function of the drains

Thetotal length of theSkodbjerge test sitehosen in meeting 16.12.04as imited to
approximately 11 km in order not to come too close to the beach breakwateraddhiaad the
accreting coast to thesth.

KDI preferred a st of the site in a number of relatively short stretches (say 2 km) with alternating
drains and normins.SIC could not accept this adased on experienéehey wanted longer
stretches, basicallg6 kmstretchwith drains and 4 km stretchwithout drains However, due to

the gradient in erosion along the test site this was not acce@abtleiFB poposedas a minimum
stretches with no pipes on both sites of the drained stretch.

JF proposed to include an approximately 1 km stretch withgirathe south part of the test site.
This proposal \as acceptedTlhe final division of the test site in sttbes with and without drains as
decided in a meeting 16.12.04 is shown in Fig. 6. From this it is seewthsiretches of 4.7 km
(Rar 1, chainage 40192031014500) and 0.9 km (Rar Bhainaget012700- 4011800) respectively
were drainedand three setches of 1.&m (Reference |, chainage 4021008019200), 1.8 km
(Reference II, chainage 401450@012700) and 1.8 km (Reference lll, chainage 4011800
401000 respectivelywere left undrained.

The drains were installed in January 2005. The positod numbeof the drainsaand time of
installations argshown inTables 1A and 1B As seen from the taldedrains have been added in
someareas where increagebeach width made it possible, and drains have been eroded after
February 2006.
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Table 1A. Positions and number of drains placed.

4011800 X X X X X X XX
4011900 X X X X X X XX XX
4012000 X X X X X X X X X X X X
4012100 X X X X X X A X X X X
4012200 X X X X X X X X X

4012300 X X X X X X X X
4012400 X X X X X X X
4012500 X X X X X X X
4012600 X X X X X X X X

4012700 X X X X X X X X
4014500 X X X X X X X X
4014600 X X X X X X X
4014700 X X X X X X X
4014800 X X X X X X X X
4014900 X X X X X X X X
4015000 X X X X X X X
4015100 X X X X X X X X
4015200 X X X X X X X
4015300 X X X X X X X
4015400 X X X X X X X
4015500 X X X X X X X
4015600 X X X X X X X X
4015700 X X X X X X X X
4015800 X X X X X X X X
4015900 X X X X X X X X X
4016000 X X X X X X X X X
4016100 X X X X X X X X X
4016200 X X X X X X X X X X X
4016300 X X X X X X X X X X X X
4016400 X X X X X X X X X X X
4016500 X X X X X X X X X X X
4016600 X X X X X X X X X X X
4016700 X X X X X X X X X X X X
4016800 X X X X X X X X X X X
4016900 X X X X X X X X X X X
4017000 X X X X X X X X X X X
4017100 X X X X X X X X X X X
4017200 X X X X X X X X X X X
4017300 X X X X X X X X X X X
4017400 X X X X X X X X X X X
4017500 X X X X X X X X X X X
4017600 X X X X X X X X X X X
4017700 X X X X X X X X X X X
4017800 X X X X X X X X X X X
4017900 X X X X X X X X X X X
4018000 X X X X X X X X X X X
4018100 X X X X X X X X X X X
4018200 X X X X X X X X X X
4018300 X X X X X X X X X X
4018400 X X X X X X X X X X X
4018500 X X X X X X X X X X
4018600 X X X X X X X X X X
4018700 X X X X X X X X X
4018800 X X X X X X X X X
4018900 X X X X X X X X X
4019000 X X X X X X X X X
4019100 X X X X X X X X X
4019200 X X X X X X X X X
No.123456789101112
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Table 1B. Drains per 6 June 2007.

stn. No. 1234 56 789101112
4011800 X X X X X X X X X X X
4011900 X X X X X X X X X X X
4012000 X X X X X X X X X X X
4012100 X X X X X X X X X X X
4012200 X X X X X X X X X X
4012300 X X X X X X X X X X
4012400 X X X X X X X X X
4012500 X X X X X X X X
4012600 X X X X X X X
4012700 X X X X X X X

No.1 2345678 9101112
4014500 X X X X X X
4014600 X X X X X X X
4014700 X X X X X X X
4014800 X X X X X X X
4014900 X X X X X X X
4015000 X X X X X X X X
4015100 X X X X X X X X X
4015200 X X X X X X X X
4015300 X X X X X X X X
4015400 X X X X X X X X
4015500 X X X X X X X X
4015600 X X X X X X X X X
4015700 X X X X X X X X X X
4015800 X X X X X X X X X X
4015900 X X X X X X X X X
4016000 X X X X X X X X X
4016100 X X X X X X X X X X
4016200 X X X X X X X X X X
4016300 X X X X X X X X X X X
4016400 X X X X X X X X X X X
4016500 X X X X X X X X X X X
4016600 X X X X X X X X X X X
4016700 X X X X X X X X X X X
4016800 X X X X X X X X X X
4016900 X X X X X X X X X X
4017000 X X X X X X X X X X
4017100 X X X X X X X X X
4017200 X X X X X X X X X
4017300 X X X X X X X X X
4017400 X X X X X X X X
4017500 X X X X X X X
4017600 X X X X X X X X
4017700 X X X X X X X X
4017800 X X X X X X X X X
4017900 X X X X X X X X X X
4018000 X X X X X X X X X X X
4018100 X X X X X X X X X X X
4018200 X X X X X X X X X X X
4018300 X X X X X X X X X X X
4018400 X X X X X X X X X X X
4018500 X X X X X X X X X X X
4018600 X X X X X X X X X X X
4018700 X X X X X X X X X X X
4018800 X X X X X X X X X X X
4018900 X X X X X X X X X X X
4019000 X X X X X X X X X X X
4019100 X X X X X X X X X X X
4019200 X X X X X X X X X X
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5. Characteristics of the test site
5.1 Geomorphologic conditions

The test site is situated on theutherrpart of a barrier spit separating the Ringkgbing Fjord lagoon
from the sea. The spit is formed by sand deposition resultingdrdecrease in the rate of

southwards longshore sediment transpidne natural southwards shift of the opening between the
lagoon and the sea has been stopped by the construction of a permanent sluice and a lock at Hvide
Sandewherealso a fishing port ifocated.The entrance is protected by jetties of which the longest

to the north built in 1962 extends approximately 450 m from the foot of the dunes today.

As to the coastal profile along the test site, the distance from the coastline at level 0.@lno(equ

mean water level) to the 6 m depth contour is approximately 650 m over the full length of the test
site, i.e. an average slope of app. 1:100. This slope has remained almost constant during the last 20
years according to the profiling by KDIhe coasline has in the same period shown large

fluctuations with changes in positiaip to 80 m, see Section 5.7.

Grain size analyses of the sand in the foreshore and in the beach top layers show medium to very
coarse sand with grain diameter in the range2®3nmoften mixed with small stones in the range

10-30 mm. Deeper borings show fine sand down to approximately2Lth below the surface.
Underneath is very fine sand or silt, and in some places clay.

The beach generally appears stratified as both wanges/imd sortthe materials Eroded dunes also
reveal stratification of former depositiqrsee Fig7.

16



Fig. 7. Stratified deposiins in dune and on the bea@@hotosHans F. Burcharth).

Very thin layers of for example high density sand appear in some places in a patchy way. The layers
arealmost horzontal as they generally follow the mildly sloping beach sunfduen deposited.

The average permeability of the uppestresof the beach is supposed to be only slightly larger in
horizontal direction than iwerticaldirections, despite thayered structurelhis is because the

sand is packed in between the stones in the mixed layers (such layers can have reduced permeability
compared tdhomogeneousand due to thital blocking of the stongsand the layer thicknesses of

the very fine mateals are very small.

Several shore parallel baage formed along the coast. The net sediment transport in front of the test
site is southwards amounting to approximately 2.1 millidper year in average (ref. KDI). Most
of the longshore transport takplace in the bar zones.

5.2Water levels

The difference between mean high water and mean low water@8i. Storm surge caused by
strong westerly gales and Iqwessures can give water levefsto approximately 3.1 m above
mean water levelL.ow water levels down te2.0 m can occur during easterly winds.

In the Ringkdbing Fjord lagoon the water level varies betw@dnm and +0.5 m, dependent on the
operation of the sluices and on the windget

A very severe storm with westerly winds of méinan 26 m/s occurred® January 2005, shortly

before the first survey took place in January 20&ter levels up to 3.03 m above M.S.L. were
recorded at the head of the jettiesh&tPort of Hvide Sand&Vave setup might have caused an

even higher marmum water level at the beach face of the test site. No severe westerly storms
occurred in the first year period. The maximum water level recorded in this period was +1.44 m on
the 26.10.2005 in a situation with only moderate win®2006 occurred only @nstormy situation

17



on the 27.10 with maximum water level +1.54 m and westerly winds of app. 20 m/s. However, in
January 2007 occurrédur storm situations, 1.1.07 max. water level +1n7%ith winds just over

21 m/s, 1112.1.07 max. water level +ZIn with winds over 21 m/d,4.1.07 maxwater level

+1.78 m with winds over 21 m/sand 1920.1.07 maxwater level +1.82n with winds over 2In/s

The January 2007 survey was performed after this row of January storms.
No stormy situations occurred aftendary 2007.
5.3Wind and waves

The dominant directions of stronger winds are from the NW sector. This is also clearly seen from
the dominant NWSE direction of the dune tongues in the hinterland.

The prevailing westerly winds cause quite frequent stgawves with significant wave heights in
the range K= 3-4 m offshore in 20 m water depth, and related peak periods of approximately T
10 s. During more extreme events, say return periods of 5 years or maié,edceed 6 m and I
exceed 12 s. It isot often that Kiis less than 1 m and,Tess than 5 s during westerly wind$ie
waves are strongly seasonal as storms occur mainly in the autumn and during the winter.

The dominating directional sector of the larger waves reachewgtual stretch ofoastline is
westnorth west, causing #net sediment transport to muthbound.

Fig. 8 shows the statistics of significant wave heggintthe test periodecorded by a directional
Wave riderbuoy in 15.5 m water depth offshore Nymindegab.

Wave Rose, Test period 2005-2008
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Fig. 8. Frequency and direction of significant wave height forpieod20051 2008,recorded in
15.5 m water deptbffshoreNymindegal(KDI).
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It is seen from Fig8 that the angle between the coastline and the dominating incaffshgre
waves is approxintaly 45, thus causing a nsediment drift irsoutherrdirection.

5.4Influence of bars on the wave impact on the coast

The protective effect dsarsis significant as explained in the following. Bars are formed on sandy
coasts with small tidal wateeVel variations as is the case for the test site. The numbearof

depends on the steepness of the coastal profile and the amount of sand transport (littoral drift). The
flatter the profile and the larger the transport, the more bars are fofimegroective effect of

barsis due to the smaller water depth over the bars which tsgggre breaking and thereby

reduces the height of the waves approaching the baacite of thumbis that the maximum height

of waves passing a bar is app. 0.8 times themim water depth over the bar (or a significant

wave height of app. Oimes the minimum water depth). It follows that the protective effect against
beach erosion increases with the bar heights and the number of ba@slli&strates the reduction

in wave heights over the bars.

Fig. 9. lllustration of reduction in wave heights by wave breaking over bars.

Typical crest levels of thiearsin the nearshore zone area are round 2 m below ML, limiting the
significant wave height passing the inner tzabe approximately 0.6 x (2,00 + high water), i.e.

around 3 m during the highest storm water levels.

Wave breaking on a bar prods@enet transport of wat into the tough behind thear. The water

that in this way i ses@apdackpodhd sea somaehodsutlyntieis tdkesr mu s
place as rather concentrated outgoing currentsalled rip currentswhich create or maintain

breaches (rip holes) in thrs see Figl0. The beach isnuch less protected agatlarge waves

and subsequerrosion where holes in tloars are presenthis is clearly seen in aerial photos like

those in Fig. 11 which shows local retreat where the coast is facing holes in the bars, and local
depositions (salients) where sheltered by the bars.
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Fig. 10. lllustration ofwave breaking over bar and related net transport of water, causing rip current
and breach in bar exposing tteastiocally to larger waveand erosion
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Fig. 11.Aerial photos showing the effect of holes in bars on coastline fmm@igital Globe
Scankort, ©WI A/S).

The major part of the longshosedimentransporttakesplace in the breaker zones, i.e. over the
bars and in the beach breakene.On the actual@ast the net transport is inwgherly direction

This causes a&hdency to shifting of the holes southerlydirectionbecause sediments are feeded
mainly into thenorthernpart of the holesThe shifting of the holes might be slow due to the effect
of the rip currentsAnyhow, a giverstretchof beach can thereforever the years experience

periods with littlebar protectiori and thereby erosion, as well as periods with better bar protection
I and thereby less erosion or even accretion.

Besides the longshore changes in bar formation #rergsualy also significabcross shore
changes in the bar formatidBediments are transported towards the beach in periods without
storms leading to movements of the inner bars towards the shore aruplnfitthe beacheSome

of the inner bars might connect to the beach aecktly for a period create a very wide beach. On
the other hand, storms cause erosion of the beach as sand is transported offshore both from the
beach and from the bars. In a following quiet period a Ipegtof the eroded sand is transported
backtowardsand tothe beach againt is well known that buitup of a beach can happen very
quickly after an eroding storm. As an example Kriediedl.( 1986) reports that more than 50% of
the eroded cross section of a beach on Long Island above MSL returnedtwitldays of fair
weather following a stornit is beleived that the fairly quickly builtp of some beach stretches in
the first quarter after the severe Janaury 2005 stodue to return of eroded sand.

In places likeDenmarkwhere severe stormsugdly occur only during wintewe distinguish
betweerso-calledwinter and summer profileghe latter ones having wider and higher beaches
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If a coastal stretch with homogeneous soil conditions like the actual one maintains in average over
the years a stight coastline and a straight dufrent, then it is a gn of rather cyclic shifts in the
bar formations as described abovVhis is the case for the actual coastal stretch.

The time scale of the major cyclic changes is years for which reason a iedtgienree years as
the actual one is the absolute minimum.

5.5Bar formation along the test sitein the test period

Because of the protecting effect of the bars against erosion it is important to identify positions and
holes in the barandto see ifthere is correlation between the bar topography and the beach erosion
and beach accretion.

Fig. 12 shows the bar formations January 05, 06, 07, May 07 and JanudityeD8uter bar is
created and maintained by bar risbment since 2004, cf. TablarBSection 5.7. Theuter bar is
clearly shielding the coast except in front of shathernpart of Ref | and theouthernpart of Rail
and the whole of Ref Il where large waves can penetrdteetoner bar close to the coastlinehe
fact that the most pminent erosion has taken place during the test periods in these stretches gives a
very strongmdication d the dominating effect of thigar formation on the changes of theach.
Thelong outer bar in front of Rar | is attached to the inner bar imdlteernend leavingan
openingto the suth for the escape of the net inflow of water across thélharsame bar
configuration is seedeveloping both in theanth andsouth parts of the test sit€he existence of
the holes in the outer bar has beenalisguobservedy the authoas stretches lacking wave
breakingin windy weather.

On Fig. Bis seen thdarformationsjust after the January 2007 storms and two weeks later.
slight growth of the outer bars southerly direction can be observétblesin the inner bars are
muchmorenarrow than those in the outer bar, but have in principle the same negative effect
It is evident that PEMplacedin the beach have no influence on bar formation.

Outer bars existed also before the bar nourishment be@f04.Surveys by KDI show.ex. the

existence of a very high outer bar in the years 28002 in front of Refll, i.e. where today is a
hole in the bar, see Fi$j8 in Section 5.7.
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Fig. 12. Bar formations in the test periodDI).
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