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Abstract

In many locations, coastal erosion is a signifiganeblem with dramatic effects on the coastline.
The impact on coast-near infrastructures and ptpgan be massive. Until now the urgent need for
coastal erosion protection, has forced societystaostly solutions with bulky constructions and
beach nourishment, where the dredging part of thegss is very hostile to the marine
environment.

Skagen Innovation Center (SIC) has invented anrenwiental-friendly, cost-efficient solution to
this problem with a technology called Pressure Esgizon Modules (PEM).

The PEM system is based on vertical drain tubesnithg the beach, so the saline water circulation
in the wash-zone increases and deposits the setdiroenthe sea in form of an equilibrium profile.
This paper describes the results obtained in GIg8k after an official three-year field test in
relation to traditional coastal protection basedyomynes and breakwaters combined with beach
nourishment.
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The official three-year field test has proved ittt PEM system is a very efficient way to establish
coastal protection. The average increase/erositreitest area with PEM’s - and reference areas 1
and 2 without PEM - are shown in the fig. 1.

As shown the average accumulation of sedimenteansid test area is 5,5 — 9,5 cubic metre per
metre in the period 1999 — 2002 and we can conchelerofile is stable.

On other locations (e.g. coastlines in Ghana) Widjger tides (up to 2,0 metre) we have registered
an increase of 17,0 cubic metre on average alangdastline.

The survey in January 2002 was delayed to the ENhoch against a background of high water
level and gale in the area.

During the period from 1999 - 2002 the nearestregfee area 1 has lost 12,4 cubic metres per
metre. The difference is so significant that ibé&yond any doubt, that the new PEM method is
producing extraordinary results.
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Introduction

With a five-year test period (including an offictaree-year field test), SIC has demonstrated that
the technology and methodology, developed by timepamy, can create outstanding results.

The pressure equaliser technique has been proumnda efficient method for coastal protection.
From an economical as well as an environmentaltdiview, it is the preferred solution against
coastal erosion.

The result from the first test with the Pressurediger Modules (PEM) is clearly seen on the photo
in Fig. 2 below. This picture from GIl. Skagen beabbws old sand covered groyne, which has
been placed — inshore and passive on a new broag 8each, in the five years the PEM system
has been installed.

Sand covered
groyne.

Fig.2 SIC test area Gl. Skagen North

The PEM protection was established on this sitdamember 1997. Shortly hereafter, it was
possible to walk outside the groynes in periodé wirmal tides.

At low tides it was observed, that a sand groynse lalding up outside the PEM. With this
observation, it was realised that the PEM technotmuld be developed into a new method of
protecting the coastline from erosion. Furtheriinfation about this test installation is found in
Appendix 2. "Gl. Skagen North Test Installation”.

The PEM system has now been tested on severaidosah Denmark and abroad. The
development work and test locations have consigteshbwn very positive results.

During the test period it has been possible to @am@IC’'s PEM method with the traditional
protection methods like groynes, breakwaters, sledging / beach nourishment. From an
environmental and economical point of view, the PEkthod is far superior to the traditional
methods.
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The Official Field Test

Based on the promising results observed in thetést installation, it was decided to establish an
official field test in order to verify and documehe results obtained with the PEM modules.
The official test site was established in Janu@ty 21999, at Gl. Skagen beach, where a 1050-
metre long well defined part of the beach was $etkas the PEM test area.

A project group was appointed, to supervise anditoothe work, and a independent consultant
was chosen to perform the measurement and surveyatthe site.

The Project Group
The following people are participating in the pigjgroup:

Mr. Hans Falk Burcharth Professor Dr. Tech., AatpUniversity

Mr. Frede Jensen State Forester, State Forestith Nutland

Mr. Bjarke Jensen Surveyor, North Jutland County

Mr. John Jensen Engineer, M.Sc. The Danish CoAsthlorities

Mr. Poul O. Jgrgensen Engineer, M.Sc. Carl Brosotimg Engineers A/S
Mr. Stig Trollebg Danish Technological Institubenovation A/S

Mr. Poul Jakobsen Managing Director, SIC

Controlled Test

The field test was executed under controlled camst Professor dr. tech. Hans Falk Burcharth has
served as supervisor for SIC and the project grblepand the other team members have
participated in the project throughout the entietdftest period. The team members have
participated in the conferences concerning thepiegéct and have agreed that professor dr. tech.
Hans Falk Burcharth, as an independent scientfped, should evaluate the procedures and the
obtained data from the field test program, on bedfahe team. During the field test program, all
measurements were recorded and controlled by datglpundependent consulting company; Carl
Bro Consulting Engineers, Denmark.

Field Test Area

The field test was performed along an 8 km longstime S.W of Gl. Skagen (please see Fig.3)
Before the Pressure Equalising Modules was impléatem baseline survey of the selected
coastline was performed. Modern laser equipmentusasd for the measurements.

PEM Test Area

The distance between each line of PEMs is 100 syetrghin the line a PEM is installed for each
10-metre. Initially the width of the beach madenoior two PEMs only in each line, as the beach
over time got wider, additional PEM were install&te total distance from station 113200 to
114250 is 1050 metre.

Flank Areas
Adjacent flank areas, without PEM, on either sifléhe test area, were monitored with the same
procedures as the test area.

Reference Area I.

Reference area | was located 3,0 km SW of theatest, ranging from station 117000 to station
118000. The objective of this reference area wastopare the development during the field test
period of the coastal profile in a nearby site sithPEM.
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Reference Area ll.

Reference area Il was located 7,0 km SW of theatest, ranging from station 120131 to station
121134. The objective of this reference area wastopare development of the coastal profile in a
nearby site without PEM during the research period

Test area, Flank areas and Reference areas
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The Survey Schedule

The project group established the survey scheduieglthe first year of operation. The coast
profile in the test area has a cyclic nature, \@tbumulation in the summer time and erosion during
the winter. With this in mind, the measurementssateeduled to be performed late September and
late January each year.

The actual dates were:

28. January 1999 reference level survey and stéigld test
3. May 1999 initial survey to verify that the talation is working
6. October 1999

18. January 2000

28. September 2000

25. January 2001

xX. January 2002 (impossible because of stormearatka)

26. Marts 2002 (substitute for planed survey)

25. September 2002 (extra survey in the test area.)

Field Test Results

Test Area
CubiC/ Test Area 1999 - 2002
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Fig. 4
Test Area Sediment Accumulation

In Fig. 4 the results from the test area are shimwveach survey. The result is significant, thedhea

profile is in equilibrium and it recovers fast afstorm and flood periods. The average sand
accumulation in the area is app. 5,5 — 9,8 cubicen®er metre.
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Reference Area 1

Reference Area 1 1999 - 2002
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Fig. 5 Reference Area 1

In the test period, Reference area 1 had erosid2 afibic metre per metre and a shoreline decline
of 9,2 metres.

Reference Area 2
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Fig. 6 Reference Area 2

During the test period Reference area 2 resultasasion of 8,6 cubic metre per metre and a
decline of the coastline of 14 metres.
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Comments on the Results

The accumulation of sediment in the test area s&oked to be consistent. The accumulation is not
found in the reference areas or flank areas. Th&t xdreme values found were erosion of 40 cubic
metre per metre in Reference area 1 and accumulattid4 cubic metre per metre in the test area.

With three years of uninterrupted service of thé/Hgstallation, the beach profile has developed
significant in the test area. The Reference araas m the same period followed the average
erosion seen over the last 150 years, with a dedlithe coastline of 1,5 metre per year.

The beach profile stabilised itself and was in Bigaum after the first 7 month of the field te3the
resulting accumulation of sediment was 5,5 - 9ficmetre per metre.

The beach profile has been stable in the fieldgesbd of three years. The coastline has gainkd 2,
metre in the test area.

The reference area coastlines has lost 3,9 metregepr average during the period. This is more
that the general average and is caused by unusoalijh weather in the test period.

A 100 year storm hit the west coast of Denmark @c&nber 1999.

Conclusion

The conclusion from this three-year of field test ahe previous years of tests is unambiguous. The
PEM system from SIC is an environmental-friendlg aery efficient solution to protect against
coastal erosion.

2™ April 2003.

Poul Jakobsen
Managing Director, SIC
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Appendix 1. Field Test Data
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Strandwlumenaendringer i kubikmeter i perioden jan 1999 - sep 2002

Flank 1 3 May. 99 |6 Oct. 99 |18 Jan. 00 |28 Sep. 00 |25 Jan. 01 |26 mar. 02 |25 sep. 02
1128 0,29 -4,19 -12,38 -16,4 -22,67 -25,85 -22,89
1129 -3,67 -3,99 -17,24 -11,95 -16,15 -25,73 -19,9
1130 -4,17 -7,8 -18,05 -12,14 -19,02 -21,02 -19,97
1131 -9,92 -10,88 -20,12 -17,77 -20,31 -22,69 -22,98
Average -4,3675 -6,715 | -16,9475 -14,565 | -19,5375| -23,8225 -21,435
Test Area |3 May. 99 |6 Oct. 99 |18 Jan. 00 |28 Sep. 00 |25 Jan. 01 |26 mar. 02 |25 sep. 02
1132 -1,72 -0,88 -13,02 -8,95 -9 -15,19 -7,13
1133 2,73 8,35 -2,51 9,15 5,99 -4,6 3,26
1134 4,99 11,96 4,07 12,34 3,64 2,03 1,82
1135 5,09 16,77 15,89 11,77 3,76 0,26 16,28
1136 6,75 12,99 21,99 20,95 20,13 8,9 12,4
1137 18,63 23,31 23,31 20,24 22,3 12,25 24,58
1138 13,15 17,31 13,68 16,62 11,82 -1,46 21,99
1139 1,34 11,07 10,79 13,1 6,14 -3,51 15,57
1140 1,45 11,06 11,03 13,14 6,16 -4,23 2,86
1141 -2,57 6,44 -2,21 3 -4,7 -4,14 0,14
114250 -6,62 -10,48 -11,05 -3,48 -4,58 -3,94 -12,46
Awerage 3,9290909 |9,8090909 | 6,5427273 |9,8072727 |5,6054545 |-1,2390909 7,21
Flank 2 3 May. 99 |6 Oct. 99 |18 Jan. 00 |28 Sep. 00 |25 Jan. 01 |26 mar. 02 |25 sep. 02
114350 -6,41 -9,85 -0,6 5,82 -2,16 -4,08 -5,96
114450 1,62 8,87 10,63 1,4 1,17 -0,38 -1,81
114550 -1 11,56 -1,42 -12,03 -4,55 -1,05 6,26
114650 -9,49 1,56 -11,61 -16,09 -10,19 -1,19 -3,18
Awerage -3,82 3,035 -0,75 -5,225 -3,9325 -1,675 -1,1725
Ref. 1 3 May. 99 |6 Oct. 99 |18 Jan. 00 |28 Sep. 00 |25 Jan. 01 |26 mar. 02
1170 -1,89 0,9 -14,97 -12,2 -19,8
1172 2,04 -7,54 -8,96 -4,3 -14,62
1174 8,88 -4,48 4,31 -2,6 1,53
1176 -3,44 2,29 -13,24 8,98 -1,57
1178 0,26 8,61 -0,27 11,94 -1,91
1180 -11,79 -13,96 -28,64 -31,97 -38
Awerage -0,99 -2,3633333 -10,295 0 -5,025 -12,395
Ref. 2 3 May. 99 |6 Oct. 99 |18 Jan. 00 |28 Sep. 00 |25 Jan. 01 |26 mar. 02
120134 7,44 5,17 -1,7 -3,39 -3,04 -9,13
120334 7,54 -4,18 -4,61 0,01 -1,78 -6,68
120534 4,74 -2,23 -2,08 5,55 10,77 -1,13
120734 -0,29 -3,22 -3,14 11,42 -4,75 -10,16
120934 3,12 15,9 5,29 11,43 0,69 -8,01
121134 5,68 6,77 -14,44 -17,27 -15,16 -16,5
Average 4,705 3,035 -3,4466667 | 1,2916667 |-2,2116667 |-8,6016667

Three Year Official Field Test 9




SIC

¢ seo.g |ied

D02 Asenaey "B [As) ioys

6661299520 "9 FA3] 2S5,

% 06'vL1 = G661 RGN0 "9 - LENUET /7 Poudd Syl 18 JLseldopeap Rutid

OO0 A3y Ll 208uns puncs sl §0 103 41 O

-

(0000 #nj BURRRE W = IPIm i 5 el

DT LORaq - Sun| I0URR]a)

GE6 LRER E |35 204G LDVROUE-B] 1004
GEGT ARnuRy ‘f7 [ 00U PSRRI
M ooe ooe Ly 0T oo oz
z t “ __ _ £
T I
0 - 0
B — =t
% —z
£ ot _ - g

Survey Carl Bro A/S

(feay e abeaant) MO - A

005 1/05°T 31¥3S NOILIIS SSOMD
00LET1 LS NI JT1408d LSV0D

Three Year Official Field Test 10



SIC

00°0) Aa| L B2 punosb BUY §0 I B of

(000} | SRRl WL = oM (g P g

PR R - SUN SouAREY

BEB] Aamrusl 47 () @IURURYI & gﬂi.ﬁﬁ‘i!ﬁ.ﬁ

28l 892 9z EE'Z 5 (a) Loeaq jo uoneu)oL semy 002 SR '9Z [ME oug
gy'o+ | svo+ | w0+ | £L'o+ = |- (W By sppi aiord v vl 1002 Kenuer ‘92 [ mioyg
€02+ £G4+ ve+ | Zo1+ » (] {npu apyoid uj sbuwyg 000Z Aeruey g (248 ol

go'vz+  |e2e+ |oetz2+ | te'eR+ - o (L) UORRETERou) Blpid B66T AUEnUET (2 e RS
200z 002 1002 0002 GEAT 2002 095 '9Z PR EE [ AENUET (7 USaNAN LOSIE-a(Ad
6OEZT | 09z | ClogZ | Ctoel | (1042 0 200Z 'd9S 97 PUE GEST AEnUEr /7 USENGS] BRERIUI-BHL
i o or 0 0 0z
z 1 2-

"L U (A3 89S ERAAE) N'H'Q - A

009‘1/05*T 3T¥0S NOILO3S SSOHD
O0LE€TT "LS NI 37140¥d LSY0D

i

Three Year Official Field Test 11



Cubic metre per metre

SIC

Field Test Gl. Skagen 1999 - 2002
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Appendix 2. Other Results with Pressure Equalisatio Modules

Location Gl. Skagen North
Just North of the official Field Test Area in Gk&en, SIC made one of the first PEM installation.
The groynes reached 10 — 15 metres out from theekshe before installation

Fig 9
The groynes at Gl. Skagen before installation dfiRfgstem by SIC

Fig 10
The groynes at Gl. Skagen one year after the PEMIlation.

As the aerial photo illustrates the groynes arepdetaly covered in sand 5 to 10 metres inshore,
one year after installation of the pressure eqgattis modules.
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Gl. Skagen North (cont.)

Fig. 11 Gl. Skagen PEM installation removed in 2001

After a dispute with the local authority SIC waslered to remove the PEM installation in
November 2001. The photo from July 2002 shows erolsas moved the coastline 15 to 25 metres
back. The groynes are out in the sea and the ssdisappeared between the groynes.

This groyne is still covered with
sand over 5 years

Fig. 12
Gl. Skagen one PEM was accidentally left

SIC forgot to remove one set of PEM from the sittlovember 2001. On this photo from July

2002 the effect is seen there has been no eragiainon this spot. This is maybe the best proof of
concept for SIC's unique coastal protection system
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Survey Old Skagen 1999 — 2003.

Three Year Official Field Test 15



SIC

The PEM modules are taken away November 2001.
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The PEM modules are taken away November 2001.
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Location Lgnstrup

Fig. 13
Lagnstrup after PEM installation 1999

SIC installed a PEM system at Lgnstrup beach inlAPO9. Shortly after the breakwaters are
completely covered in sand as seen on the photo @09 in Fig 13. The beach recovered with up
to 90 cm over the area.

Fig. 14 Lanstrup 2002

The PEM installation was removed in August 1999l #he beach is back to the previous stage,
with serious erosion.

The breakwaters are maintained with beach nourishrasery year 25.000 cubic metre of sand is
supplied at a cost of 160.000 € per year.
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Lanstrup (cont.)

Fig.15 Legnstrup, July 1999
When the beach was protected by a SIC PEM indtailagou could drive with cars on the beach.

Fig.16 Lanstrup, Marts 2002.

The same beaches after the PEM installation wasvedh It is not longer possible to drive with
cars on the beach. We just lost a company cargtyirdrive here.
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Appendix 3

The SIC System compared with beach nourishment oé West Coast of Jutland.

Cubic Test Area 1999 - 2002

Metre/
Metre Gl. Skagen
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Coastal development at Gl. Skagen - fig. 1

As illustrated in fig. 1, the SIC System has aaysdtic building effect on a beach profile.

Field Test 1999 - 2002
Old Skagen
10
5
o
5 |
@ 3 May. 99| 6 99 18 J 28 Sep. 00/25 2! 25 sep 02
©
IS
Q -5
o)
=}
(@]
-10
-15
Bl Test Area [ Refl Bl Ref I
fig 2

The longtime effect is shown in fig. 2, where thesTArea fitted with pressequalization modules
has a coastal increase of 5 — 1¥per metre as opposed to the reference areas, st an
erosion of 3.5 — 10 P per metre.
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Erosion/Beach nourishment on the Danish West Coast.

Sediment Calculation West Coast of Jutland

Distance Sténbjerg - Nymi‘ndegab 130000 |Metre
Erosion

Erosion direction north Stenbjerg -600000 Cubic metre
Erosion Agger Point -330000 Cubic metre
Erosion Thyboroen Point -900000 Cubic metre
Erosion south Nymindegab| -2300000 Cubic metre
Erosion Total Per Year -4130000 |Cubic metre
Erosion per metre per year -31,7692308 |Cubic metre

Beach Nourishment

Beach Nourishment north 775000 Cubic metre

Beach Nourishment south 1625000 Cubic metre

Beach Nourishment Total 2400000 |Cubic metre

Beach Nourishment per metre per Year 18,4615385 |Cubic metre

Netto Result -1730000 |Cubic metre

Erosion per metre per year -13,3076923 |Cubic metre
fig. 3

As it appears in Appendix 3.2, the West coast td&dd is Beach Nourished every year
with 2.4 mill. n? sand; however the yearly erosion is 4.13 miflwhich is shown in Appendix 3.1
and fig. 3.

Thus, the result of the beach nourishment on thst\Weast of Jutland is overall negative
with a yearly erosion rate of —13,3 per metre as opposed to the SIC System which isisga
positive profile of 5 — 10 th

The SIC system is creating a naturally balancefllpr@hereas beach nourishment is causing steep
profiles prone to increased erosion. The erosiothenWest coast of Jutland is now approximately
32 nt per metre per year — whilst beach nourishment pdémented.

In addition to the erosion comes a significantistom the environment which is causing
declining fish populations and a substantia”@@allution.
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Value for Money

SIC System - West Coast Jutland
Compared with Beach Nourishment
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Fig 4

As illustrated in fig. 4 the SIC-treated beachtaébge due to the fact that during the summer
season a “buffer” is built up which is sufficientwithstand the winter storms.

Contrary to the SIC-treated beaches, erosion isrdag at a rate of 32 fiper metre in the beach
nourished areas according to the KDI record ofraedi movement, Appendix 3.1.

Subsequently the erosion on the Jutland West Goagtints to 4.130.000 cubic metres per
year, which will cost 22.6 million USD to maintaimough beach nourishment in order to
keep the beach stabile.

The SIC system therefore has a real value of 22I®mMUSD per year if implemented on the
Jutland West Coast, because it is far more effecdtivstopping erosion than the present beach
nourishment of 2.4 million cubic metres per yeas.the SIC system only costs 3.8 million USD
to operate and maintain, the savings would be d#ll&on USD and thus a far greater asset to
society than previously estimated.

Skagen, 14. September 2003.

Poul Jakobsen
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Appendix 3.1
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Appendix 3.2.
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