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Determination of deformations in soft soils with a coupled analysis-Alibey Dam 
Détérmination des déformations dans les sol mous par les analyses accouplés-Barrage Alibey

K.ôzaydin, H.KiliC, M.M.Berilgen, M.s.ôzcoban & S.Vildirirn -  Yildiz Technical University, 80750, Istanbul, Turkey 
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ABSTRACT: 111 this paper, the results o f a coupled analysis using the finite element method, which has been performed to investi
gate the stress-strain-consolidation behaviour o f a dam foundation, are presented. The stress increases in the foundation soil layers 
due to loading o f the embankments during the staged construction and the corresponding pore pressure increases and displacements 
have been computed. The stress increases and the immediate deformations were calculated using an elasto-plastic analysis taking 
into account the consolidation behaviour. In the numerical analyses, a computer code named PLAXIS was used and the calculated 
time-dependent settlements, lateral displacements and the pore pressures compared well with the measured values.

RÉSUME: Dans cet étude, le résultat d ’un analyse accouplé utilisant le méthode des éléments finis, utilize pour étudier la constraint- 
defonnation-consolidation d ’une fondation de barrage est présénté. La tension augmente dans les couches de fondation a cause des 
charges des talus durant la construction, et 1’ augmentation de la pression correspondant du pore et les déplacements a été calculés. L ’ 
élévation du tension et les déformations immédiates ont été calculés par des analyses elasto-plastiques et la conduite consolidant a été 
aussi tenue compte. Dans les analyses numériques, un ordinateur programme, surnommé PLAXIS a été utilisé et les déplacements lat
érales, et les pression porales ont étés comparés avec les valeurs mesurées.

1 INTRODUCTION

In recent years, as a result o f the developments in numerical 
analyses and computer technology, it became possible to per
forin more realistic stress-strain-consolidation analysis o f the be
haviour o f embankments constructed on soft soil deposits. Sev
eral researchers have published the results o f such analyses, hi 
this study, the deformation behaviour o f the foundation of 
Alibey Dam was investigated for both during construction and 
after construction conditions.

Alibey D a n  was built as an earth fill dam on soft alluvia] de
posits to meet the water requirements o f the city o f Istanbul. The 
behavior o f foundation layers supporting the dam built by the 
staged construction method was investigated with a coupled 
analysis and the computed values were compared with the meas
ured values. In the numerical analysis a computer code named 
Plaxis was utilized, and while the stress increases and immediate 
deformations were computed with an elasto-plastic analysis, the 
consolidation settlements and dissipation o f excess pore pres
sures were computed with a consolidation analysis based on 
Biot’s theory. The findings o f tliis investigation provide a 
greater insight regarding construction o f embankments on soft 
soil deposits similar to Alibey Dam.

2 DAM AND FOUNDATION STRATIGRAPHY

2.1 Dam characteristics

The construction o f Alibey Dam started in 1968 as an earth fill 
reservoir to meet the water requirements o f the increasing popu
lation and rapid industrialisation of Istanbul. The dam, planned 
to be finished in 15 years by the staged construction method, is 
located in a valley. The 33-m thick valley sediments comprised 
of several medium stiff clny layers with occasional sand bands, 
the consistency o f  which uicreases with depth. The dam have 
the following dimensions: the crest width 15 in, the height 28 m, 
the base width 304 in, and the length 550 in. Alibey Dam con

sists o f an inlet and outlet cofferdam, main body, and the internal 
embankments. The cross-section of the dam and the stratigraphy 
are shown in Figure 1.

The dam, with an earthfill volume of approximately 2 million 
cubic meters, contains a typical clay core together with gravelly 
and sandy filter materials and a rock fill at the top. In the pre
liminary planning studies, two construction alternatives were 
considered, one being the staged construction on the existing 
clay layers and the other being the excavation of the clay layers 
and construction of the dam on the bedrock. It was decided that 
the first alternative was more economical. Due to the extraordi
nary cross-section and the availability o f long-term monitoring 
data, Alibey Dam provides an interesting case history for geo- 
technical engineers.

During the construction of the earthfill embankments an ex
tensive Geld measurement and monitoring scheme was planned 
in order to provide safety against undrained failure o f the foun
dation and to keep the displacements under control. A great 
number of settlements plates, piezometers and inclinometers 
were placed in the foundation soil, and the behavior o f the foun
dation soil under applied loads has been carefully observed. Be
cause of the extensive instrumentation and monitoring that con
tinued even after the completion o f the reservoir, valuable data 
have been collected for describing the long-term behavior (over 
a period of 25 years) o f the alluvium soil on which the dam was 
constructed. Additionally, a geodesic network system was es
tablished in 26 different points on Alibey Dam and its vicinity in 
March, 1987 and measurements have been made periodically. 
The soft soil deposits supporting Alibey Dam have been sub
jected to different levels o f loading at five different cross- 
sections o f the dam and consolidated under different drainage 
conditions including sections with fully or partially penetrating 
vertical drains. In order to study the behavior o f this alluvial de
posit, which is expected to have similar initial conditions at dif
ferent dam sections, a series o f field and laboratory investiga
tions were carried out, the results o f which were utilized in 
obtaining the geotechnical parameters needed for the numerical 
analysis.
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Figure 1. Tlie cross section o f  the dam and the foundation layers.

2.2 Construction program and fie ld  instrumentation

The embankment for Alibey Dam was constructed in 15 years by 
staged fill placement in order to avoid stability problems and to 
minimize the problems, which would arise from the large settle
ments expected to occur. The earth fill construction had started 
at elevation +6.50 m and the fill height reached elevation +17.0 
in at section B22 (upstream embankment), +23.0 m at B18 (in
termediate fill), +34.0 m at B23 (crest), +21.50 in at B24 (inter
mediate fill) and +14.0 m at B9 (downstream embankment). The 
staged construction program o f the dam is shown in. Figure 2.

The field instrumentation placed in the foundation layers in
cluded:
•  A total o f 21 settlement plates placed at the original ground 

surface underlying the dam embankment
•  Four different types o f piezometers placed at various depths 

to measure the pore pressure build up.
•  Five inclinometers reaching the bedrock level placed under

neath the crest to monitor the lateral displacements in north- 
south (N-S) and east-west (E-W) directions. Inclinometer 
readings were collected for the first six years o f the em
bankment construction, after which inclinometers were dam
aged and no readings could be taken.

•  Concrete blocks established on and around the dam after the 
embankment construction was completed in March 1987 for 
geodesic measurements and for placing seismographs to 
measure surface movements after the completion o f the dam.

The location of field instrumentation is shown in Figure 1.

2.3 The geotechnical characteristics o f  foundation soils

The alluvial layers underlying Alibey Dam had a thickness of up 
to 33 in and four main strata could be identified down to the 
bedrock. These layers are identified as (from top to bottom) 
yellowish clay, greenish clay, greyish black clay and clayey- 
sandy gravel. Within cohesive layers several sandy-gravelly 
pockets were encountered (Ôzaydin, et al. 1998). A summary of 
the geotechnical properties o f the subsoils at the dam site ob
tained from both field and laboratory tests are shown in Table 1.

0 2000 4000 6000 8000 10000
Time (day)

Figure 2. The staged construction program o f the dam.

Table 1. Subsoil geotechnical properties o f  the dam site

Soil Yellow Green Black
Properties Clay Clay Clay

Thickness o f  soil layer (111) 1-3.6 6-11 10-14
Liquid limit (%) 20-40 40-60 55-70
Plastic limit (%) 15-35 15-40 15-40

Moisture content (%) 20-40 25-40 40-60
Saturated unit weight (kNm3) 20 19 17

Over consolidation ratio 4-8 1-3 1-2

Undrained shear strength (kPa) - 30-80 25-75
Modified compression index (X*) 0.05 0.12 0.13
Modified swelling index (k *) 0.01 0.023 0.025
Permeability change index (Ck) 0.263 0.507 0.717
Angle o f internal friction (°) 20 18 17

Specific gravity ° f  solids - 2.70 2.72

3 PREVIOUS INVESTIGATIONS (RESEARCH WORK)

Several researchers investigated the behavior o f the foundation 
of Alibey Dam during and after the embankment construction. 
(Soydemir 1970, Mercangoz 1996, Ozipoban 1997, K 1I19 2000). 
The findings of these researchers who employed different meth
ods o f analyses are summarized below.

Soydemir (1970) was involved with the project at die early 
stages o f construction. He studied the immediate settlements of 
the soil layers underneath the upstream embankment using the 
finite element method with an elasto-plastic analysis and the 
consolidation behavior with the one-dimensional consolidation 
theory of Terzaghi. Similar analyses were performed long after 
the completion of the dam construction to study the behavior of 
soil layers under different sections o f the dam subjected to dif
ferent levels of embankment loading, involving different drain
age conditions by Mercangoz (1996), Ozgoban (1997) and 
Ozaydin et al. (1998). In these investigations, the stresses and 
deformations developed in the foundation layers underlying the 
dam during the staged construction o f the embankment were 
computed using a finite element computer code named ANSYS 
utilizing elasto-plastic analysis, hi the analysis, the improve
ment in soil properties as a result o f consolidation at different 
stages during construction was taken into account. The consoli
dation behavior was analyzed separately utilizing the stress in
creases computed from the finite element analysis and using the 
one-dimensional Terzaghi consolidation theory. The computed 
settlement values were compared with the field settlements re
corded from the start of the construction in 1968 to 1991.

The results of the above analyses have shown that the con
struction of the dam embankment to its final elevation on the 
foundation layers at their initial in-situ properties would have led 
to excessive deformations resulting from wide spread plastic 
flow at the base of the dam. It was also shown that if  the im
provement in soil properties due to consolidation of the soil lay
ers during the staged construction is taken into account in the 
analysis, the deformations resulting from plastic flow o f founda
tion layers is limited. Because o f the fact that this phenomenon 
was taken into account in the earth fill construction program, the
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construction of the dam was safely completed. The results of 
these analyses have also shown that even under rather low levels 
o f loading plastic regions would develop in limited areas and an 
elasto-plastic analysis is needed for the analysis o f the behavior 
o f earth structures built on similar soft soil conditions. By taking 
into account the improvement in soil properties due to consoli
dation, it is observed that the computed vertical and lateral dis
placements are reduced considerably.

With respect to settlement-time behavior, the choice of repre
sentative values o f the coefficient o f consolidation for the soil 
layers in the field is the critical parameter in the analysis. It was 
observed that coefficient o f consolidation values valid for the 
field conditions were much larger than the values predicted from 
the laboratory test results. The values estimated by back- 
calculation from the field pore pressure and settlement meas
urements have led to a much more realistic prediction of the field 
behavior.

In view o f the expected presence of sand pockets and bands 
in the alluvial deposits, the unreliability o f the laboratory results 
was not surprising. The Asoaka (1978) method, which utilizes 
the field settlement measurements for prediction of the coeffi
cient o f consolidation, proved to give quite satisfactory results. 
In the analysis, in accordance with the construction program, 
first the settlements under the upstream embankment were com
puted and compared with the field measurements, then the set
tlements under the other sections o f the dam subjected to sur
charge loading due to the staged construction were computed 
and compared with the settlements recorded for a period of 25 
years. The results o f the above analyses have shown that Ter- 
zaghi’s one-dimensional consolidation theory could predict the 
field settlements quite satisfactorily provided that the improve
ment in soil properties during staged construction is taken into 
account. Consequently, a sufficient level o f safety against bear
ing capacity failure is sustained and plastic deformations are 
limited.

The material properties for the foundation layers o f Alibey 
Dam as determined from the field and laboratory investigations 
carried out during a period extending from 1966 (preconstruc
tion) to 1996 (this research) are given in detail by K1I19 and 
Yildinm (2000).

4 COUPLED ANALYSIS FINITE ELEMENT MODEL

In order to carry out a more advanced analysis o f the behavior o f 
the foundation of Alibey Dam taking into account the coupled 
nature o f stress-strain-consolidation behavior, a fmite-element 
computer code named Plaxis 7 (1998) was utilized. The main 
features o f the finite element model are summarized below.
• The rather unusual dam section and foundation layers are 

shown in Figure 1. Because the upstream embankment is 
quite far away from the main dam, and it was built before 
the others, it was numerically modelled separately and the 
results were compared with the field measurements to ver
ify the geotechnical parameters used in the analysis.

•  The finite element mesh for the upstream embankment 
extended 20 0  in in the longitudinal direction, and the finite 
element mesti for the rest o f the dam (excluding the 
upstream embankment) extended 593 m. The finite element 
mesh for the upstream embankment consisted of 489 
triangular elements with 15 nodal points for each element 
with a total o f 4063 nodal points and 5868 stress points. 
The finite element mesh for the main dam consisted of 958 
triangular elements with 15 nodal points for each element 
with a  total o f 7885 nodal points and 11495 stress points. 
The upstream embankment and the neigbouring fill was 
built in 6  stages and the rest o f the dam in 7 stages and this 
was taken into account in the numerical modelling. The 
finite element model combined both the embankments and 
the foundation layers. The staged fill construction is 
modelled by adding fill elements to the finite element mesh.

• The soft alluvial layers are underlain by 3.5-5.0m thick 
clayey-sandy gravel layer which is followed by the bedrock 
(assumed to be rigid and impermeable).

•  For the analysis o f the behavior o f the cohesive layers, 
Modified Cam Clay model (MCC) (Roscoe and Burland 
1968) was used. This model is frequently used for the 
analysis of geotechnical problems in which the stress 
increments are analysed as effective stresses. The model 
includes an isotropic flow function, non associated flow 
rule and a hardening law independent o f plastic strain 
gradient, and incremental elasto-plastic stress-strain 
formulation, hi this investigation, the failure was modelled 
with Mohr-Coulomb failure criterion which is identified as 
“Soft-Soil Model” in the Plaxis code. For the analysis of 
the behavior o f cohesionless layers and highly 
overconsolidated cohesive layers “Hard-Soil M odel”, which 
is similar to the hyperbolic model (Duncan and Chang
1970) but adopted to plasticity theory, wass used. The 
dilatational effects were taken into account and the flow 
condition was defined with a flow cap.

• In the analysis, the horizontal and vertical coefficients of 
permeability o f the clay layers were taken as 0.005 m/day 
and 0.002 m/day, respectively. The change in the 
coefficient o f permeability with the consolidation pressure 
was modeled with a ck coefficient. As a result o f the 
parametric studies, the ratio o f the horizontal to vertical 
coefficient o f permeability was determined to be 4. In the 
analysis, the cohesive layers were assumed to behave as 
undrained, the clayey-sandy gravel base layer, the sand 
bands and the vertical sand drains were assumed to behave 
as drained. The granular embankment fill material was 
assumed to behave linearly elastic. Because no samples 
could be collected from the embankment fill, the sand 
bands and the clayey-sandy gravel layer, their geotechnical 
properties could not be determined by laboratory tests. For 
the embankment fill, the drained elastic modulus was 
chosen as 8000 kPa, Poisson ratio as 0.40 and unit weight 
as 20 kN/m3. The behavior o f the sand bands and the 
clayey-sandy gravel layer were modelled with Hard-Soil 
Model and for the initial stress conditions their material 
properties were estimated from the standard penetration and 
pressuremeter tests (K1I19 and Yildinm, 2000).

5 STRESS-STRAIN AND CONSOLIDATION ANALYSIS 
RESULTS

The stress-strain-consolidation behavior o f the foundation of 
Alibey Dam subjected to staged loading was analysed with an 
instantaneous loading (undrained) analysis and a consolidation 
(drained) analysis under sustained loading taking into account 
the consolidation periods in accordance with the construction 
program. The results o f the analyses are presented for the five 
different section o f the dam involving different fill heights and 
drainage conditions (sections B22, B18, B23, B24 and B9 as 
shown in Figure 1). The computed and recorded settlements are 
shown in Figure 3 and it is observed that they are quite 
comparable. The final surcharge loads at sections B22, B18, 
B23, B24 and B9 were 245, 370, 640 and 182 kPa, respectively. 
The recorded variation of settlements with applied surcharge 
loading and consolidation period in the field are predicted quite 
satisfactorily with the coupled analysis.

The variation of excess pore pressure with depth as computed 
by the consolidation analysis under different dam sections at 
various stages of loading indicate a double-drained condition 
towards the surface and the clayey-sandy gravel layer at the base 
overlying the bedrock. This behavior is consistent with the 
findings of Soydemir (1970), Mercangfiz (1996), and Ozifoban
(1997). The pore water pressure recorded by piezometers under 
sections B22 and B24 are also observed to be comparable with
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Figure 4 The measured and computed pressure head underneath B22 
section at BH-1(- 12.50 m).

the computed values. The recorded and computed pore water 
pressures underneath the upstream embankment (B22) at -12.50 
m elevation and +0.67 in elevation are shown in Figure 4. The 
recorded values and computed values are shown as symbol and 
line, respectively. Again the predictions are quite successful.

The lateral displacements computed by the coupled analysis 
are observed to be smaller than the recorded values in the field 
(Ozaydm, et al., 1998). In addition to inclinometers, geodesic 
measurements were made to monitor the surface displacements 
in three dimensions on the dam embankment. Comparison of 
these recordings with the computed values are given by Ozaydm, 
et al. (1998). Geodesic measurements recorded between the 
years o f 1987-1996 have shown that there are still small 
movements that the dam and other fills are undergoing.

The results the analysis have shown that the strength and 
stifhess properties o f the embankment materials and the sand 
bands did not effect the results very much, however, the 
difficulty in assessing the permeability characteristics o f the 
clayey-sandy gravel base layer posed serious difficulties. Both 
the results o f the analysis and the field observations have shown 
that the assumption of double drainage is valid as indicated in 
the previous research (Soydemir, 1970 and Ozaydin et.al., 1996).

6  CONCLUSIONS

From the findings o f this investigation of the analysis o f the 
behavior o f an earth embankment constructed on alluvial layers 
o f low bearing capacity and high compressibility, the following 
conclusions are reached.
1. The accurate prediction o f the behavior o f soft and thick 

soil layers subjected to staged construction as in the case of 
Alibey Dam is very important for planning of the 
construction as well as the expected behavior after 
construction. The estimation of stress increases and soil 
deformations as realistically as possible is vital for the

design and construction of earth fill structures on such soil 
deposits.

2. Field instrumentation and monitoring of displacements and 
pore pressure built up in the foundation layers are very 
useful in understanding the soil behavior and checking the 
validity of soil properties used in the analysis.

3. hi the numerical analysis performed to predicte the soil 
behavior, rather realistic estimates o f stress and 
displacements were obtained under staged loading. Field 
behavior can be predicted quite satisfactorily by considering 
plane stress conditions and elasto-plastic material behavior, 
and by performing undrained analysis for instantaneous 
loading and drained analysis for consolidation phases,

4. hi the consolidation analysis, the anisotropic nature o f the 
field permeability characteristics should be taken into 
account. The laboratory determined values o f coefficient of 
consolidation are found to be not reliable and much more 
realistic estimates can be made by back calculation from the 
observed field behavior.

5. Use of Modified Cam Clay model seems to give results that 
are more comparable to the observed soil behavior than the 
use of traditional Mohr-Coulomb m o d e l.

6 . The computed values o f pore water pressures and the values 
measured in the field with piezometers did not compare as 
well as the settlements and this is partly attributed to the 
variation of water level in the reservoir and erratic nature of 
the field measurements.

7. In staged construction of earth embankments on soft and 
saturated soil layers, the monitoring o f pore water pressure 
build up is very important and a realistic estimation o f pore 
water pressures with the aid o f coupled stress-strain- 
consolidation analysis is very useful.
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