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ABSTRACT: Deep soil mixing columns were designed and applied under the structures of
Turkmenbashi International Seaport Project locatedon the Caspian Sea coast of Turkmenistan. Shallow sea bed was filled and port was planned to be constructed on both mainland
and reclaimed area. Soil profile consists of mainly clay which has a stiffness increasing with
depth. A very soft clay layer exists with a depth varying between 6 and 10 m from the seabed
level. Due to the compressible layers and high seismicity of the region deep soil mixing columns were designed to increase the stiffness of the soil under the structures. Settlements under
the foundations are calculatedwith finite-element method considering the improved soil
parameters. Within this case-study design processand application phase of the deep soil
mixing works are summarized.

1 INTRODUCTION
Turkmenbashi is a port city of Turkmenistan located on the banks of Caspian Sea. New seaport project was started to be constructed in 2013 to increase the total annual capacity up to
26 million tons. Total area for the port construction was 115 hectares. Some part of it was
reclaimed from the sea and port facilities such as terminals, ship repair yards and warehouses
were planned to be constructed on this area. Road and railway connections of the port were
also constructed within the project. Location of the Site and a satellite view before reclamation
works are given in Figure 1.
The project site extends on a 3.5 km long shoreline. The seabed descends to maximum 2 m
below the sea level and the site was planned to be filled up to 3 m over the sea level. The south
part of the construction area was also planned to be dredged 8 m below the sea level to provide sufficient depth for marine traffic.
General view illustration of the project and an aerial view are given in the Figure 2 left and
right sides respectively.
Design, construction and quality control phases of this challenging project are summarized within this paper. UCS and elasticity modulus values of the DSM columns are assessed

Figure 1.

Location of the Site (left) and a satellite view before reclamation (right) (Koçak et al., 2017)
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Figure 2.

General illustration of the project (left), Aerial view of the site (right)

and the relation between them is expressed to provide an indication for the further design
studies.

2 SOIL PROPERTIES
10 on-shore and 32 off-shore boreholes were performed in 2009 for the feasibility study by a soil
investigation company. 32 on-shore, 51 off-shore boreholes, 45 CPT and 21 Vane tests were also
performed by another soil investigation company in 2014. The soil profile for the land side was
determined as fill layer with a thickness up to 8.5 m continuing with clay layers underneath. On
the off-shore part of the site mainly silty clay layers were encountered. 6-10 m thick very soft clay
layer was encountered on the top part with SPT-N values between 0 and 2. Undrained shear
strength parameter was derived from both in-situ and laboratory tests. UU and UCS tests were
performed on the collected samples in the laboratory. Distribution of the undrained shear strength
of the clay layers by depth is given in the Figure 3 considering all laboratory and in-situ tests.
Strength values of the clay layers are increasing by the depth and an equation was proposed
to express the shear strength increase as given in the Figure 3.
Consolidation tests were performed and OCR values of the clay layers are calculated as the
ratio between pre-consolidation pressure and the current effective stress. OCR values increase
over 4 under the top soft clay layer which corresponds to a pre-consolidation stress exceeding
the total stress after surcharge fill and structure loads. Therefore it is clear that, surcharge
loads will not induce any consolidation in the bottom clay which is heavily over-consolidated.

3 PRELIMINARY SOIL IMPROVEMENT WORKS
Prior to the DSM works which planned to be applied only under the structures, PVD’s (Prefabricated Vertical Drains) were installed in all over the project area to improve the top soft
clay layer. Menard - Zetaş JV was qualified for the PVD installation works. PVD’s were
planned to be implemented on the working platform which is 2 m above the sea level. After
the PVD installation, pre-loading was applied with 3.0 m high fill layer. PVD’s were applied
in 1.3x1.3 m triangular pattern with varying lengths between 9 and 12 m. Beside soft clay
layer, improvement of the reclaimed sand was required and Rapid Impact Compaction (RIC)
was applied to improve the fill layer (Koçak et al., 2017).
In the Employers Requirements, the compaction criteria of the fill material were qualified
with degree of density “D” and Plate Load Test moduli “Ev,2 and Ev,1”. The minimum D
values under the structures were given as 0.6 and 0.4 above and below 2 m depth respectively.
Also, Ev,2 was required over 45MN/m2 with a ratio of Ev,2 / Ev,1 under 2.5 value down to 2 m
from the surface. The fines content of the reclamation fill material was limited to 5% and maximum 3% organic matter was allowed.
Peak Ground Acceleration was given in the tender documents as 0.56g. The criteria for
mitigation of liquefaction risk within the fill layer were described as average FL ≥ 1.25 and a
Liquefaction Potential Index, less than 5.0.
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Figure 3.

Distribution of undrained shear strength with depth (Koçak et al., 2017)

Residual settlements of the reclamation fill were limited with 10 cm at the end of the 1.5year defect notification period and 20 cm within 10 years of service life. Settlements were
limited with 5 cm under the buildings and other structures.

4 DEEP SOIL MIXING WORKS
To fulfill the Employers requirements further soil improvement with deep soil mixing (DSM)
was planned under the foundations of port facilities such as terminals and warehouse structures. In total, 130.000 m DSM columns were implemented with a maximum depth of 15 m.
Diameter of the deep soil mixing columns were designed as 800 mm. Beside DSM improvement bored piles are also implemented under the tower and some terminal buildings.
Sea depth was reclaimed with sand fill and improved with RIC method. Top clay layer
under the fill was improved with PVD and pre-consolidation. However, to provide enough
rigidity against settlements and excess lateral displacements during the earthquake high modulus soilcrete columns were required under footings of the structures. A sample section of the
DSM columns is given in Figure 4 with the fill layer and soil profile.
DSM columns were designed considering soil properties as summarized in the table below.
Fill and top clay layer properties were considered according to the improved soil properties.
DSM columns were implemented under the foundations of 23 buildings in total. Long term
settlement criteria were considered as 50 mm. Site was in a very seismic region and peak
ground acceleration (PGA) was defined as 0.56g for return period of 475 years and M=9.0 in
Richter scale. Both singular, strip and mat foundations were planned to be constructed under
the buildings according to the main structural design of the project. Base pressures under the
foundations were being variable between 60 and 120 kPa values.
Considered strength and elasticity properties of the DSM columns were summarized in the
table as given below. These parameters are verified with laboratory tests performed on the
collected samples.
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Figure 4.

A sample section of the DSM columns

Table 1. Considered soil properties in design
Elev. m,

Soil Type

γ, kN/m3

cu, kPa

Ø, °

E, MPa

μ

Cc

Cr

e0

-25.88/-28.8
-28.8/-34.8
-34.8/ -

Sand improved with RIC
SMC improved
Clay

20
18.5
19

25
100

38
-

45
7.5
30

0.3
0.4
0.4

0.15

0.025

0.8

Table 2.

Considered Values in DSM Design

Soil Type

UCS Value

Elasticity Modulus

Sand Fill
Clay

2.0 MPa
1.0 MPa

500 MPa
100 MPa

Preliminary dimensioning of the deep soil mixing columns was performed according to
the skin friction capacity of the soilcrete column. Singular column capacity was calculated as 311 kN where tip capacity was ignored. As given in the Figure 5 different zones
were determined considering the different base pressures and spacings between the columns were calculated between 1.3x1.3 and 1.6x1.6 m patterns according to the induced
base pressures.
Elasticity modulus of the improved soil is calculated considering area replacement ratio (ar)
as described below (Özsoy and Durgunoğlu, 2003).
Eimproved ¼ Esoil xð1  ar Þ þ EDSM xar

ð1Þ

Where ar is the ratio of sectional area of DSM column and the square of the spacing
between the columns center to center in rectangular grid. Settlements of the foundation
induced under vertical loads were calculated with Plaxis software.
All foundations and structural loads are considered to be continuous and modeled as a
plain strain model in Plaxis 2D software to be on the safe side. Soil improvement columns are
modeled as improved soil clusters considering the area replacement ratio.
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Figure 5.

A sample foundation zoning plan according to the base pressures

Figure 6.

A sample ﬁgure for settlement distribution under foundations

With deep soil mixing columns settlement values were limited below 50 mm. One of the
settlement plots is given in the Figure 6 where maximum 34 mm settlement value is noted.
Structural stability of the soilcrete columns are checked under seismic conditions with performing pseudo-static seismic calculations in Plaxis 2D. The peak ground acceleration
“0.56g” is converted to the equal horizontal static load using the coefficient of 0.5
(Kh=0.5*0.56g).
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Figure 7.

Relative lateral displacement and calculated bending moment distribution

Lateral displacement distribution of the DSM column which is relative to the bottom is
modeled in SAP2000 software to calculate the bending moment distribution along the
column. Calculated relative displacement and bending moment distribution of a sample
column are given in the below figure.
Compression and tension stresses of the soilcrete column was calculated as follow and compared with the considered capacities.
σ1 ¼ F=A þ M=W5Compression Capacities which are UCSsand ¼ 2MPa and UCSclay ¼ 1MPa ð2Þ
σ2 ¼ F=A-M=W5Tension Capacities which are UCSsand ¼ 200kPa and UCSclay ¼ 100kPa

ð3Þ

5 CONSTRUCTION PHASE AND QUALITY CONTROL
Prior to the DSM application 10 numbers of test columns were applied with different flow
rates, cement dosages, penetration/withdrawal speeds and blade rotation numbers.
Blades attached to the rig machine for deep soil mixing application is given in the Figure 8
(left). Test columns are exhumed after the setting period and core samples were collected. Picture of an exhumed test column is given in the Figure 8 (right).
The mass production was started with the most conservative parameter 450 kg/m3 and
80cm/min withdrawal and penetration speed however after getting the test results, the production parameters were revised as 350 kg/m3 (cement dosage) and 100cm/min withdrawal/penetration speed.
In the scope of the quality control tests unconfined compression strength (UCS)tests were
performed on the collected core samples during the project. Also, elasticity modulus of the
columns was calculated with the help of a strain-gauge attached to the sample during the test.
Results of these tests are plotted in the figures below.
Higher UCS and E values were being expected in the samples collected from sand fill layer
than the ones from clay layer. However, it is noted that there was not a significant difference
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Figure 8.

Deep soil mixing rig and blades (left) Exhumed column (right)

Figure 9.

Distribution of the UCS and Elasticity Modulus values with the depth

in UCS and Elasticity Modulus values of the samples collected from these layers. Relocation
of the sand and clay particles during the mixing operation can be a reason for this.
Measured Elasticity Modulus values in each UCS tests are plotted in the Figure 10. An
average ratio between measured Elasticity Modulus and UCS can be considered approximately as 170.

6 CONCLUSIONS
Turkmenbashi Seaport Project is one of the major investments in the region which connects
western and eastern countries via sea and railways. To improve the soil characteristics of the
port zone, various techniques have been implemented by Zetas and Menard JV. PVDs were
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Figure 10. UCS and Elasticity Modulus values of the tested core samples

installed to the soft clay layer to prevent excessive consolidation settlement which would
develop during the service life of the port. To increase the density and seismic bearing capacity
of the loose sand fill layer, RIC was proposed and successfully applied. For the foundation of
the buildings, DSM columns have been executed to minimize the total settlement and increase
the seismic resistance. Settlements under the foundations are calculated with Plaxis and compared with the project requirements. Shear stress and bending moment of the DSM columns
were calculated and checked with the considered capacities. UCS and elasticity modulus tests
were performed on the core samples collected from the test and project columns. Relation
between elasticity modulus and unconfined compression strength values of DSM columns is
assessed to be an indication in the further design studies. Deep Soil Mixing applications were
completed in safe and timely manner in such a challenging project.
REFERENCES
Koçak, B., Akçakal Ö., Velioğlu N., Durgunoğlu H.T., Michelin A., Rucinska N., 2017. Soil Improvement Applications In Seaport Project – A Case Study, 19th International Conference on Soil Mechanics and Geotechnical Engineering, 7-22 September 2017, Seoul, Korea
Özsoy, B., Durgunoglu, H. T., (2003), The Mitigation of Liquefaction by Means of High Modulus Soilcrete Columns, Fifth National Conference on Earthquake Engineering, 26-30 May 2003, Istanbul,
Turkey

1041

