
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Construction and Performance of an Embankment 

in the Sea on Soft Clay
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C on stru ction  et fo n ctio n n em en t d ’une d igue dans la  m er sur u ne argile m olle

A. C. STAMATOPOULOS, M .s c . ( e n g . ) ,  Soils and Foundations Engineer, Athens, Greece 

P. C. KOTZIAS, d r . i n c ., Soils and Foundations Engineer, Athens, Greece

SUMMARY

The construction and performance of an embankment built in 
the sea on very soft clay is described. To a sea depth of 1.2 m 
the clay underlying the embankment was able to sustain the 
weight of the embankment without failing. The part of the 
embankment built at sea depths between 1.2 m and 2.8 m 
caused complete failure of the clay. Material was added on 
the subsiding part of the embankment, as required to attain 
stability. The ratio between the volume of material required 
for stability and the theoretical volume of the embankment 
(the latter volume computed assuming zero subsidence) was 
close to one up to the point where the foundation material 
reached the condition of failure. After failure this ratio increased 
linearly with sea depth and reached a maximum value of 7.5 
at the point of maximum depth. Data on subsurface soils, 
embankment design, construction materials, and settlement are 
presented. A plan with elevation contours for the heaved areas 
on the two sides of the embankment is also included.

S O M M A IR E

L’article porte sur la construction et le comportement d’une 
digue construite dans la mer sur une argile très molle. Pour la 
partie de la digue construite à des profondeurs allant jusqu’à
1.2 m, l’argile a résisté à la charge sans se rompre. Il y eut 
rupture complète de l’argile pour la partie de la digue construite 
à des profondeurs variant entre 1.2 m et 2.8 m. Des matériaux 
additionnels furent ajoutés à la partie affaissante de la digue 
jusqu’à ce que l’ouvrage fut stable. Le rapport entre le volume 
des matériaux nécessaire pour atteindre la stabilité et le volume 
théorique de la digue, calculé à partir d’un affaissement nul, a 
été approximativement égal à un, tant qu’il n’y a pas eu de 
rupture du sous-sol. Au-delà de la rupture, le rapport a augmenté 
linéairement avec la profondeur de la mer pour atteindre la 
valeur maxima de 7.5 à la profondeur maxima. On y donne des 
informations concernant le sous-sol, la digue, les matériaux de 
construction, le tassement. Un plan avec contours montrant le 
soulèvement des deux côtés de la digue est aussi présenté.

T H IS  P A P E R  D EA LS W IT H  A N  E M B A N K M E N T  constructed in

1963 by the General Cement Company of Greece. The 

embankment is part of a cement distribution plant built 

on the seashore a few kilometers west of the city of Thes

saloniki in northern Greece.

The embankment is located in an area of relatively strong 

winds, with intensities of up to 50 mph, at a distance of 

about 7 km from the nearest shore (to the southwest). 

Daily tidal variation of sea level is about 60 cm. The em

bankment was constructed in the sea, from the shore to a 

sea depth of 2.8 m. The low strength of the underlying clay 

and working in the sea created special construction problems. 

The embankment has a length of 491 m, crest width of 

7.5 m, and elevation of 2.0 m to 2.4 m above mean sea level.

D E S C R IP T IO N  O F  S U B S U R F A C E  C O N D IT IO N S

Subsurface investigations indicated the existence of uni

form conditions throughout the length of the embankment. 

Down to a depth of about 15 m from sea bottom, the sub

surface consists of dark grey very soft clay (C H ). This is 

the product of accumulation of very recent (geologically) 

sediments discharged by rivers and streams a short distance 

(0.5 to 3 km) from the project area. Underlying the forma

tion of grey very soft clay the subsurface contains brown 

medium stiff to stiff sandy clay (C L ). The basic properties 

of the upper and lower formations are shown in Fig. 1. 

Fig. 1 gives the results of field and laboratory tests for a 

boring on the axis of the embankment. The results of Fig. 1
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f i g . 1. Representative boring, showing variation of soil proper
ties with depth

are representative of subsurface conditions throughout the 

length of the embankment.

The upper formation of very soft clay gave resistance to 

standard penetration of about zero, unconfined and triaxial
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compressive strengths in the range of 0.10 to 0.25 kg/sq.cm., 

vane shear strengths in the range of 0.12  to 0.18 kg/sq.cm., 

compression index Cc of about 0.60 and coefficient of con

solidation cv of about 0.001 cm2/sec. Based on a statistical 

analysis of shear tests, it was estimated that the shear 

strength of the very soft clay is of the order of 0.06 kg,/ 

sq.cm. at the sea bottom, and increases at the rate of 0.004 

kg/sq.cm ./m  of depth. The degree of sensitivity of the soft 

clay is about two. The angle of apparent friction, as deter

mined from undrained triaxial tests, is zero.

S T A B IL IT Y  A N A LY SIS

The stability analysis indicated that at a sea depth of 1.0 

to 2.0  m the weight of the embankment would have in

creased sufficiently to cause failure of the underlying clay. 

However, as the nature and extent of such a failure could 

not be predicted, it was decided not to limit the construction 

of the embankment to this sea depth. The difference in cost 

between the embankment and some other method of con

structing a pier is important.

C R O S S -S E C T IO N  A N D  M A T E R IA L S

The embankment was constructed with sand and is pro

tected from wave action by riprap, with two layers of tran

sition material between the sand and the riprap. The crest 

is covered with 30 cm of base course topped with a seal 

coat. The embankment cross-section is shown in Fig. 2. 

The grain size distributions of the materials used in the con-

f i g . 2. Embankment cross-section.
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f i g . 3. Grain size of materials in the embankment.

struction of the embankment are shown in Fig. 3.

About 60 per cent of the total volume of material used 

in the embankment was natural sand, 25 per cent riprap, and

15 per cent transition material and base course aggregate. 

Natural sand was selected because of availability in large 

quantities in a relatively short distance from the project, 

low cost, and ability to compact satisfactorily without the 

use of special compaction equipment. Materials for riprap, 

transition zones, and base course were obtained from quarries 

and were selected primarily on the basis of availability in 

the area around Thessaloniki. Materials were used as 

received from borrow pits and quarries, except for the

material in the outer transition zone (Figs. 2 and 3) which 

was processed in an effort to arrive at a grain size distribution 

adhering to the rules of conventional design for transition 

zones. Processing was effected by mixing at the site with 

loaders and bulldozers materials delivered by quarries, in 

fixed proportions.

C O N S T R U C T IO N  P R O C E D U R E S  A N D  P R O G R E S S

The sand making up the body of the embankment was 

compacted mainly by the equipment used in transporting 

construction materials and advancing the embankment. 

Special compaction equipment was used only on the side 

slopes prior to the placement of transition material and on 

the crest prior to the placement of base course material. 

Side slopes were compacted by a light (100 kg total weight) 

hand-operated vibrator and the crest was compacted by a 

vibratory roller. Tests made in pits after completion of con

struction indicated that the sand was compacted to at least 

95 per cent standard Proctor density. Material of the tran

sition zones was transported by loaders and spread by 

labourers working with forks. Riprap was placed by cranes.

Construction of the embankment was done in two phases. 

The first phase consisted of a rapid advancement of the 

embankment over its entire length, with sand laid to a 

surface 1.3 m above mean sea level, and partial protection 

of the side slopes with transition material and riprap. The 

first phase was completed in less than two months; it in

volved the transportation and placement of about 45,000  

cu.m., i.e. about one-half, of the total material ultimately 

used in the construction of the embankment. The maximum 

quantity placed within a single day was about 1,800 cu.m. 

Low to medium waves did not interfere with the progress 

of the work. At times of high waves advancement of the 

embankment was temporarily discontinued, and a protective 

layer of transition material and riprap was placed over the 

exposed slope at the face of the embankment; this happened 

a few times during the first phase of construction, causing 

a delay of a few days.

The second phase of construction consisted of building 

up the embankment to final crest elevation and of com

pleting the transition layers, riprap, and base course. The 

second phase lasted about six months. Completion of the 

second phase was delayed mainly because of the time 

required for the latter part of the embankment to attain 

stability.

F A IL U R E  O F  F O U N D A T IO N  IN  L A T T E R  P A R T  O F  E M B A N K M E N T

The part of the embankment built at sea depths between

1.2 m and 2.8 m caused the underlying clay to fail. Material 

was added on the subsiding part of the embankment as 

required to attain stability. An attempt was made to estab

lish stability by building up berms on the two sides of the 

embankment. The attempt to build up berms was made by 

placing sand in the sea ahead of the construction of the 

embankment, with a crane working on the tip of the em

bankment. The attempt proved impractical.

Subsidence of fill was accompanied by heaving of sea- 

bottom materials on the two sides of the embankment. 

Heaving was so pronounced that in the last about 100 m, 

sea-bottom materials came up over the surface of the sea, 

in places as high as the embankment itself.

Numerous side slope failures took place along the un

stable part of the embankment. Side slope failures were 

manifested by cracks parallel to the axis of the embank

ment near the edges of the crest, by disappearance of
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f i g . 4. Photograph of embankment with heaved areas.

materials that had been placed on the side slopes and 

reappearance of the same materials on a line parallel to 

and about five meters away from the side slopes, and by the 

rotation of poles set on and near the side slopes.

The heaved clay proved to be quite resistant to wave 

action. During the period before final stability was reached, 

storms were accompanied by accelerated rates of sub

sidence (as ascertained by elevation readings on observation 

points), presumably because of erosion of the heaved clay. 

However, the quantity of sea-bottom material eroded by 

wave action was imperceptible to the eye. After final stability 

was reached, storms did not cause further subsidence. Fig. 4 

shows the embankment at a very advanced state of con

struction, with the heaved areas indicated in the back

ground. Fig. 5 shows a plan of the heaved areas with 

elevation contours.

The time rate of subsidence was initially high but showed 

a gradual decrease with time. During and immediately after 

the first phase of construction, the crest of the embankment 

was kept at a more or less constant elevation (1.3 m above 

sea level) by adding sand on the surface of the crest. The 

time rates of subsidence were measured either directly by 

taking levels and observing objects on the embankment or 

indirectly, by keeping a record of the quantity of sand that 

was required to bring the crest of the embankment up to 

the elevation of 1.3 m. In the section between observation 

points P9 and P I2 (Fig. 5 ), where the subsidence of the 

embankment was maximum, the embankment subsided about 

80 cm in the first day, 70 cm in the second day, 25 cm in 

the third day, and 20  cm in the fourth day; the rate of sub

sidence decreased gradually in the following 10 days from 

20 cm /day to about 10 cm /day; from the fifteenth to the 

thirtieth day the rate of subsidence decreased from 10 cm / 

day to about 3 cm /day. During the second month after 

construction the rate of subsidence was close to 2 to 3 cm / 

day.

S T A B IL IZ A T IO N  O F  T H E  L A T T E R  P A R T  O F  E M B A N K M E N T

The process of approaching final stability by adding 

material on the surface of the subsiding fill was speeded up, 

in the latter part of the second phase of construction, by 

adding material faster than the rate of subsidence.

To a sea depth of 1.2 m, where the clay underlying the 

embankment reached the condition of failure, the volume 

of material per meter of embankment was close to the volume 

that could be predicted from the geometry of the embank

ment cross-section. Beyond the depth of 1.2 m the volume 

of material used in the embankment became progressively 

higher with increasing depth. Fig. 6 shows the variation of 

volume of material per meter of embankment, along the 

axis of the embankment. Fig. 6 also shows the variation 

of the ratio of true to theoretical volume (the latter volume 

being computed assuming zero subsidence) and the varia

tion of ground elevation, along the axis of the embankment.

f i g . 5 .  P l a n  o f  h e a v e d  a r e a s  w i t h  c o n t o u r s .
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L E N G T H  O F  E M B A N K M E N T

f i g .  6 . V ariations o f ground elevation, true  to theo 

retical volum es o f m ateria l in the em bankm ent, and 

ra tio  o f tru e  to theoretical volum es, along the axis 

o f the  em bankm ent.

SEA DEPTH (meters)

f i g . 7. V aria tion  o f ra tio  o f tru e  to theoretical volum e of 

m ateria l w ith sea depth.
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for consolidation of a cylinder of clay under three-dimen- 

sional drainage, applying a correction for the difference 

between circular and strip loading, and taking the coefficient 

of consolidation for three-dimensional drainage equal to 

cv =  0.001 cm2/sec. Settlements were computed only for 

the upper soft clay, assuming that the lower stiff clay will 

not contribute to the settlement of the embankment.

O B SE R V E D  S E T T L E M E N T S

Settlements were measured at 12 observation points 

placed on the crest of the embankment, about 30 cm from 

the east edge. Points PI to P7 were spaced 50 m apart, PI 

being 50 m and P7 350 m from the beginning of the 

embankment. Points P8 to P12 were spaced at 25-m intervals 

from each other, so that P8 was 375 m and P12 was 475 m 

from the beginning of the embankment. Points P7 to P12 

are shown in Fig. 5.

Observed settlements are plotted with time in Fig. 9. The 

settlements of observation points on the stable part of the 

embankment (points PI to P6 ) are given in Fig. 9a to

gether with the predicted curve of Fig. 8 , for comparison. 

The settlements of observation points on the initially un

stable part of the embankment (points P7 to P12) are given 

in Fig. 9b. The curve of predicted settlements is not pre

sented in Fig. 9b, because the condition of loading on the 

part of the embankment founded on the failed clay is 

fundamentally different from the assumption of loading 

used for the computation of predicted settlements, and, 

therefore, a comparison between predicted and observed 

settlements would be meaningless.

In order to avoid confusion between settlements caused 

by consolidation of the underlying clay and subsidence

1 00  1 50  2 0 0

T I ME  ( d a y s )  

A

f i g .  8 . P redicted  tim e-rate o f settlem ent fo r  the average 

cross-section o f th e  em bankm ent.

Fig. 7 shows the variation of the ratio of true to theoretical 

volume with sea depth.

P R E D IC T IO N  O F  S E T T L E M E N T S

It was computed that under the load of an idealized 

average section of the embankment (assuming zero sub

sidence) the underlying clay would settle 78 cm; the com

puted time-rate of settlement is shown in Fig. 8 . The com

putation of the magnitude of settlement was based on 

generally accepted methods (such as given by Taylor, 1948), 

taking Cc =  0.60 and e — 2.0. The time-rate of settlement 

was computed using Gibson and Lumb’s (1953) solution

T I ME  ( d a y s )

f i g . 9 .  O b s e r v e d  s e t t l e m e n t s  p l o t t e d  w i t h  t i m e .
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caused by displacement and deformation of the same clay 

on a larger scale, the settlements of observation points over 

the failed part of the clay (points P7 to P12 in Fig. 9b) are 

shown only for the period after a state of stability was 

reached. Therefore, the initial stages of settlement of points 

P7 to P12 were absorbed in the high rates of subsidence 

observed in the period immediately after construction.

Fig. 9a shows that one year after construction the magni

tude and time-rate of settlements are equal to approximately 

one-half the values predicted. The difference in magnitude 

between predicted and observed settlements can be attributed, 

at least partly, to the time-lag between load application and 

beginning of readings, especially in view of the pronounced 

bending of the curve of predicted settlements (Fig. 8 ) in 

the first 10 days.

Fig. 9b shows progressively higher magnitudes and time- 

rates of settlement for points P7 to P12.

C O N C L U S IO N S

In the case of the embankment described above, the 

following conclusions can be drawn:

1. Sand free from clayey admixtures was proved to be 

a satisfactory material for construction in the sea.

2. An attempt to establish stability by building up berms 

ahead of the construction of the embankment, working from 

the tip of the embankment, proved impractical.

3. The ratio of true to theoretical volume of material per 

meter of embankment, in the failed part of the clay, varied 

linearly with sea depth.

4. Stability of the subsiding embankment was accelerated 

by adding material at a rate faster than the rate of sub

sidence.
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