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Abstract. A confined disposal facility was constructed at the Ancona Harbor 

(Italy), to host marine contaminated dredged sediments and use it as a container 

storage area. In the framework of a research agreement of the Ancona Port Au-

thority and Università Politecnica delle Marche, a study was carried out to im-

prove the mechanical characteristics of the dredged fine-grained sediments by 

preloading combined with prefabricated vertical drains (PVDs). After the site 

investigation phase, a full-scale test field was set up, equipped with settlement 

gauges, piezometers and load cells. The paper presents and discusses a finite el-

ement model with plane strain geometry (simpler and more affordable than a 

3D tool) to simulate the dredged sediments behaviour during the consolidation 

process. Modelling discrete mono-dimensional PVD elements in plane strain 

conditions was applied, taking into account the smear effect due to their instal-

lation. Model results are compared with the actual settlements to evaluate the 

model suitability for the case of concern. 

Keywords: Dredged Sediments, Confined Disposal Facility, Vertical Drains, 

Preloading, Ground Improvement. 

1 Introduction 

Consolidation of dredged sediments in confined disposal facilities (CDFs) is an essen-

tial step to safely achieve the sustainable aim of land reclamation. Since dredged sed-

iments are characterized by high void ratios and water contents, large consolidation 

strains are expected (e.g. De Lillis & Miliziano, 2016). Among the possibilities to 

improve the mechanical characteristics of dredged sediments, prefabricated vertical 

drains (PVDs) combined with preloading is a viable option. This is the improvement 

method selected to consolidate the marine contaminated dredged sediments of the 

CDF of the Ancona Harbor (Italy), which will be used as reclaimed land for container 

storage. Since sediment disposal is staggered over years, specific sequences of dis-

posal and consolidation of sediments have been set up in order to make the area avail-

able soon after the overall filling: the facility will be divided into sectors to progres-

sively consolidate the disposed sediments while filling adjacent sectors. Starting from 

the peripheral CDF walls, each sector will be built by means of internal walls made of 
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special geotubes filled with the sediments themselves to avoid loss of the CDF capaci-

ty. Preloading will be applied by a mobile embankment made by coarse recycled ma-

terial.  

The present paper analyses the consolidation of dredged sediments of the full scale 

instrumented test field built in the first sector of the Ancona harbour CDF. Due to the 

construction mode, sequence of loading and non-homogeneous sediment properties, 

instead of analytical solutions, consolidation was modelled by the finite elements 

method (FEM), through a plane strain approach, simpler and more affordable than the 

3D. The axisymmetric unit cell of the vertical drains was converted into equivalent 

linear draining systems (Indraratna & Redana, 2000).  

Results from modelling the PVD-improved sediments in plane strain analysis are 

discussed and compared with the monitoring measurements during and after the con-

struction of the loading embankment, with the main aim to evaluate the model suita-

bility for the future consolidation phases of the overall CDF. 

2 The confined disposal facility and the design of the test field 

sector 

The CDF, located in the commercial dock of the Ancona Harbour, will be used af-

ter filling to store containers of service load of 47 kPa. The CDF was built by steel 

sheet piles sealed by hydro-expansive epoxy resin; the piles were embedded in a clay-

ey layer at 12 m of depth from the seabed that performs as the natural impervious 

base (details in Pasqualini et al., 2014). Over the clayey layer, there is a natural dense 

sandy layer about 4 m thick.  

The CDF area is about 9.5 ha; it is currently in part filled with sediments, some of 

them emerging from the water level. The sidewalls of the test field sector were creat-

ed by special geotextile bags (geo-tubes) in adjacency to one of the CDF walls (Felici 

et al., 2017). The test sector, roughly rectangular (50 m x 70 m), consists of sediments 

disposed several years ago and, in the upper part, sediments recently dredged from 

different harbours. 

A layer of coarse material, about 0.7 m thick, was placed above the sediments to 

act as top drainage for the vertical drains and to allow construction vehicles to operate 

for in situ investigations and PVDs installation. The bottom drainage for the sedi-

ments is the natural sandy layer.  

PVDs were chosen owing to ease of installation by light vehicles; moreover, their 

durability, of concern in a contaminated marine environment (Rollin and Lombard, 

1988), is certainly compatible with the time for consolidation process, estimated in 

some months.  

The sediments located in the upper part were characterised by laboratory tests to 

determine nonlinear constitutive laws for compressibility and permeability (Felici at 

al., 2019). In-situ tests (CPTs, CPTUs and dissipation tests) were also performed to to 

identify the stratigraphy of the test area, investigate the mechanical characteristics of 

the sediments and their consolidation properties. After modelling the consolidation 

process both by the classical Hansbo theory (1981) and by the Tang and Onitsuka 



3 

(2000) analytical method (time dependent loading and vertical and radial flows com-

bination), PVDs (6 m long) were installed in a square pattern with a spacing of 1 m to 

achieve full consolidation within few months (details in Felici et al., 2021). 

The monitoring system, consisting of settlement gauges, piezometers and load 

cells, was installed just after the PVDs. Then the preloading embankment was gradu-

ally built, placing coarse material on a square area of 30 m side in three phases (see 

Fig. 1 and Fig. 2) to prevent stability problems during construction. 

3 Methods for modelling PVD in plane strain conditions 

The finite elements code Plaxis v.8 was used in the present study. A plane strain 

model with 15 node elements was chosen; drains are modelled in the code as traces of 

a linear drainage system in which the excess pore pressure is set to zero. Discrete 

mono-dimensional PVD elements in plane strain conditions were modeled according 

to the approach by Indraratna & Redana (1998, 2000) which requires to calculate a 

fictitious horizontal matching permeability, kh,match, that reduces the actual value of the 

horizontal permeability of sediments, kh, to account for the 1D geometry of the drains 

instead of the linear drainage configuration included in the plane strain conditions. 

The value of kh,match is derived assuming that the radius of the axisymmetric drainage 

unit cell is the same as the half width of the matched plane strain unit cell. Consider-

ing the smear effect and neglecting the well resistance, the expression of kh,match is: 

𝑘ℎ,𝑚𝑎𝑡𝑐ℎ

𝑘ℎ𝑝
=

𝛽
𝑘ℎ𝑝

𝑘ℎ
[ln(

𝑛

𝑠
)+(

𝑘ℎ
𝑘′ℎ

) ln(𝑠)−0.75]−𝛼
  (1) 

where khp is the plane strain permeability ignoring both smear and well resistance, 

calculated as follows 

𝑘ℎ𝑝

𝑘ℎ
=

0.67

[ln(𝑛)−0.75]
  (2) 

n = R/rw, where R is the radius of the influence zone of the drain, rw is the radius of 

the drain; s = rs/rw is the smear ratio with rs = radius of the smear; α and β are parame-

ters introduced to adapt the coefficient μ of the Hansbo solution (1981) to the plane 

strain geometry (additional notation in Indraratna & Redana, 2000); k’h is the reduced 

permeability due to the smear effect. 

4 The geotechnical model 

Fig. 1 shows a cross section and the soil profile below the test preloading embank-

ment and the location of the PVDs. 

The top soil (0.7 m thick) consists of a coarse grained material that acts as top drain-

ing layer overlying the dredged sediments, of average thickness of 6.7 m. Within this 

layer, CPTs allowed to identify two lenses with a higher tip resistance, named Sedi-

ments 2 and 2D (Fig. 1), located next to the upper boundary of the sediments layer 
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and in the middle, respectively; these lenses can be assigned to silty sand, according 

to the unified approach by Robertson & Wride (1998). The remaining layers (named 

Sediments 1 and sediments 1D, Fig. 1) were identified as clayey silts or silty clays. 

The sediment classification was consistent with laboratory classification. The in-situ 

sandy layer (Sand, Fig. 1) was found at a depth ranging from a minimum of 6.5 m to 

7.6 m, with the clayey layer located beneath. The groundwater level is at the bottom 

of the top draining layer; it corresponds to the internal water level in the CDF before 

filling the test sector. 

The installed PVDs were Colbonddrain® PVDs, of rectangular shape: width, a = 0.1 

m; thickness, b = 0.005 m. They consist of a polyethylene core on which a needle-

punched polypropylene geotextile filter is pasted.  

The embankment load was applied in stages, as shown in Fig. 2. The height of each 

layer was back calculated from pressure data from the load cells. Consolidation anal-

yses (staged construction) were performed by means of the “staged construction” 

option of the code. 

 

 

Fig. 1. Cross section of the test field with the subsoil profile and the monitoring equipment. 

 

Fig. 2. Construction history: drainage layer, PVD installation and pre-loading stages. 

Sediments were simulated through the Soft Soil Model (Cam-Clay type, especially 

meant for primary compression of NC soils). The permeability value for Sediments 1 
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was estimated by a dissipation test (CPTU – Teh & Houlsby, 1991) whereas for Sed-

iments 2 it was measured by direct laboratory tests and corrected through a real scale 

factor, calculated comparing lab and in situ data on Sediments 1. Permeability of sed-

iments was reduced through the index dependent on the initial void ratio not consider-

ing anisotropy (Tavenas et al., 1983). The geotechnical parameters of the layers are 

listed in Table 1. 

Table 1. Materials used in the simulation and related parameters 

 

unsat  sat  kx= ky e0 ck Eref  cref Φ Ψ 

Material name (kN/m3) (kN/m3) (m/day) (-) (-) (kPa) (-) (kPa) (°) (°) 

Embankment 18.5 20 0.1 - - 5,0E+04 0.3 0.2 38 0 

Draining Layer 20 21 0.864 - - 1,0E+05 0.3 0.2 34 0 

Sand 17 18.8 0.262 - - 4.45E+04 0.3 0.2 40 0 

Clay 15.7 19.7 7.0E-07 - - 8.91E+03 0.3 4 26 0 

 

unsat  sat  kx= ky e0 ck Cc Cs cref Φ Ψ 

  (kN/m3) (kN/m3) (m/day) (-) (-) (-) (-) (kPa) (°) (°) 

Sediments 1 15 17 3,04E-04 1.65 0.83 0.3 0.062 5 26 0 

Sediments 2 18 20 3.30E-04 0.77 0.35 0.13 0.011 5 26 0 
Sediments 1D 15 17 3,04E-04 1. 5 0.83 0.3 0.062 5 26 0 

Sediments 2D 18 20 3.30E-04 0.7 0.35 0.13 0.011 5 26 0 

 

In order to assess the suitability of modelling the actual geometry (square footprint) 

by the plane strain condition, preliminary comparisons were done between the plane 

and the axis-symmetric condition (circular equivalent footprint) without accounting 

for the drain presence, for simplified soil profiles with sediment thickness much lower 

than the embankment width, as in the case of concern. No significant differences in 

predicted settlements were found. 

5 Results  

The settlements were monitored for about 170 days close to the centre and near the 

embankment toes (SG locations in Fig. 1)).  

The settlements measured vs time and those predicted by the horizontal matching 

permeability method (§ 3) are compared in Fig. 3 considering different smear effect. 

In particular, three values of s were considered, constant for all the layers (Fig. 3 a - 

permeability ratio = 2): s = 6 was used for pre-dimensioning of the PVD spacing; s = 

10 was calculated taking into account the observed surface disturbance (about 0.33 

m); s = 17 is the limit value of disturbance covering the entire PVD spacing. As 

shown in Fig. 3, all the three simulations well catch the final value of the settlement 

(31 cm); the one considering the overall disturbance (s = 17) gives the best simulation 

of the settlements measured during the construction phase while the one related to s = 

10 better describes the final phase. Using a least squares optimization criterion 

(RMSE values - Fig. 3 a) the simulations with s = 10 and s = 17 show similar perfor-

mance. Local robust analysis (dividing the data set in beginning, central and final 

phases) shows that a superior performance in specific regions of the domain is ob-

tained with s = 10, particularly in the central and final parts.  
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A generally worse fitting is obtained increasing the permeability ratio over 2 (Fig. 

3 b).  

 

 

Fig. 3. Surface settlement at the centerline of the embankment (SG7 location) - kmatch: varying 

the smear ratio (a) varying the permeability ratio (b) 

 

The prediction of the surface-settlement profile along the base of the embankment is 

shown in Fig. 4 for the case of s =10 and the permeability ratio = 2. As expected, the 

settlements increase with time, especially close to the embankment centerline. By 

comparing the predicted profile with the measurements in the strain gauge locations, 

it is possible to state a good accordance, also in proximity of the embankment toes 

(SG1, SG2 and SG8 locations). 

 

 

 
 

Fig. 4. Surface settlement profiles predicted for the base of the embankment (s=10; kh/kh’=2) 
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6 Final Remarks 

An instrumented full scale field test was built in a sector of the Ancona harbor CDF to 

analyze consolidation of disposed dredged sediments by preloading combined with 

PVDs. The square footprint loading embankment (30 m side) was much greater than 

the sediment thickness (6.5-7 m). 

FEM modelling in plane strain condition was used after checking its suitability to 

assess the sediment settlements for the geometry of concern without PVDs. Drains 

were modelled as linear drainages, by the permeability matching method.  

Modelling resulted in good agreement with the measured consolidation settle-

ments, in particular assuming the smear ratio = 10 and permeability ratio = 2 of the 

Hansbo radial model. 

Since the sectors of the CDF will be progressively consolidated with the same pro-

cedure by the same (or a larger) mobile embankment, the model can be useful to as-

sess the settlement trends and consolidation time of sediments, on the basis of the 

consolidation parameters of the sediments disposed in each sector and adopting the 

same PVDs type and installation procedures.     
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