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Abstract

In this paper, an anisotropic creep constitutive model, namely Creep-SCLAY1S is employed
to study the installation effects of prefabricated vertical drains (PVDs) on the behavior of a full
scale test embankment, namely Haarajoki embankment in Finland. Half of the embankment
is constructed on unimproved natural soft soil while its other half is constructed on the PVD
improved soil foundation. The Creep constitutive model, used in this study, incorporates the
effects of fabric anisotropy, structure and time within a critical state based framework. For
comparison, the isotropic modified Cam clay (MCC) model and the rate-independent
anisotropic S-CLAY1S model are also used for the analyses. The results of the numerical
analyses are compared with the field measurements. Based on the results it is found that the
creep model provides an improved approximation of settlements and excess pore pressure
dissipations. In addition, the application of two commonly used permeability matching
techniques for two dimensional (2D) plane-strain analysis of the PVD problem is studied and

the results are discussed in detail.
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1 Introduction

In order to tackle the delayed consolidation settlement problem typical of soft soils, installation
of prefabricated vertical drains (PVDs), combined with preloading, has become popular in the
industry as an effective ground improvement solution (e.g. Abuel-Naga et al. 2015, Lam et al.
2015, Wang et al. 2016). Preloading is an old way of dealing with the problem of long-term
consolidation in soft soils; however, in practice, this procedure on its own can be considerably
time consuming. For the excess pore water pressure (PWP) to be dissipated quickly, the
drainage paths need to be shortened. PVDs are geosynthetic slender elements made of
corrugated plastic cores that their Installation can effectively reduce the consolidation time as
they provide short horizontal drainage paths in thick soft soil deposits that need improvement

(Rowe and Taechakumthorn 2008).

Some aspects of PVD installation e.g., well resistance, smear effect and the overlapping of
smear zones have been widely studied (e.g. Kim and Lee 1997, Zhu and Yin 2000, Cascone
and Biondi 2013, Deng et al. 2013, Xue et al. 2014, Chen et al. 2016, Nguyen and Indraratna
2017). However, very few studies exist regarding the long-term effects of PVD installation on
the response of the soft soil layer (e.g. Kim 2012, Lo et al. 2013, Hu et al. 2014), this deemed
to be in part due to the unavailability of appropriate soil models. Many soil constitutive models,
which are commonly used for the analysis and design of geotechnical engineering problems,
assume that the behavior of soil is simply isotropic. Application of such simplified models in
practice often provide solutions that are overly conservative and costly, and in some cases
result in uncertainties regarding long-term performances. In reality, the behavior of natural
soils is highly anisotropic. Natural clays also have an inherent structural property that gives
them an undisturbed shear strength in excess of their remolded strength. Furthermore, clayey
soils are known to be the most susceptible to time effects on their strength and deformation

characteristics. An accurate prediction of soft soil response, either improved or unimproved,
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requires that these aspects of their behavior are considered by the employed constitutive

model.

Because of considerable computational cost of three dimensional (3D) finite element (FE)
analysis, the boundary value problems related to PVD ground improvement are commonly
modelled in the representative 2D plane-strain condition. However, as the water flow into the
PVD is an axisymmetric problem; therefore, for the representative 2D analysis, a number of
so-called mathematical matching techniques have been proposed (e.g. Hird et al. 1992, Lin et
al. 2000, Indraratna et al. 2005). These matching methods are used for the conversion of the

permeability coefficient from axisymmetric state into plane-strain condition.

The aim of this paper is to numerically analyze the long-term effects of PVD installation on the
behavior of the improved soft clay deposit, and to verify the accuracy and the consistency of
a recently developed creep constitutive model in predicting the consolidation settlements and
deformations at a practical level. For this study primarily an advanced creep constitutive
model, namely Creep-SCLAY1S (Sivasithamparam et al. 2015), is used for carrying out the
numerical analysis. An instrumented embankment on soft clay, namely Haarajoki test
embankment (Finish National Road Administration, 1997) is simulated. This test embankment
is constructed on deep soft soil deposits improved with PVDs for one half of its length. The
results from the newly developed creep model are compared with those obtained by using a
time-independent anisotropic model, S-CLAY1S (Karstunen et al. 2005), and the MCC model
(Roscoe and Burland, 1968). In addition, a simple comparative study is carried out in order to

examine the sensitivity of the results to the adopted matching technique.

2 Creep-SCLAY1S Model

The Creep-SCLAY1 (Sivasithamparam et al. 2015) is an extension of S-CLAY1 (Wheeler et
al. 2003) to incorporate rate-dependent response of clays. In this model the elliptical surface
of the S-CLAY1 model is adopted as the Normal Consolidation Surface (NCS), i.e. the

boundary between small and large irreversible (creep) strains. Furthermore, in this model
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creep is formulated using the concept of a constant rate of visco-plastic multiplier (Grimstad
et al. 2010). The new creep model incorporates the same rotational hardening law as that of
the S-CLAY1 and S-CLAY1S models. Moreover, the Creep-SCLAY1 model has been further
extended by incorporating the destructuration hardening law of the S-CLAY1S model to take
into account the effect of the initial inter-particle bonding in the soil response. Despite
assuming anisotropy of plastic behavior, the S-CLAY1 class of models assume isotropy of
elastic behavior which is a reasonable assumption for modelling the behavior of soft and
sensitive clays (Rezania et al. 2016a). In addition to the soil parameters required for modelling
with SCLAY1S (as detailed in Karstunen et al. 2005), the use of Creep-SCLAY1S requires
three viscous parameters namely, the reference time, 7, the modified creep index, u*, and the
intrinsic value of the modified creep index, y;. Note that u* is related to the one-dimensional

secondary compression index, C,, as

p = Co/[In10 (1 + eg)] (1)

The extended Creep-SCLAY1S model has recently been successfully applied for modelling

pile installation effects in a soft clay deposits (Rezania et al. 2016b)

3 Numerical modelling of PVD-improved ground

For planning a PVD ground improvement work, penetration depth, installation pattern and
spacing of PVDs are the important factors that need to be taken into consideration. For the
Haarajoki embankment the length of the PVDs used was 15 m and for simplicity they were
installed in a square pattern (Fig. 1a), as opposed to a triangular pattern (Fig. 1b), with a
spacing of S =1m. The equivalent diameter, D, is the diameter of soil medium that is
discharging water into its corresponding PVD and it is calculated based on the spacing S

between the PVDs. For the square pattern D = 1.128S.

During PVD installation, the insertion and removal of the mandrel modifies the properties of

the neighboring soil. This effect mainly concerns the densification and disturbance of soil
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structure, thus it is known as “smear” effect and the affected zone as “smear zone” (Fig. 1c).
The diameter of smear zone, D,, depends on many factors including size of the mandrel,
installation method, the structure of the soil etc. Several studies have been carried out on the
determination of Dy (e.g., Xiao 2001), and its value is often considered to be in the range of 3-

5 times the diameter of the mandrel, D,,,, or 5-8 times the equivalent drain diameter, D,,.

Ideally the study of PVD ground improvement is a 3D problem, requiring a 3D FE analysis.
However, such a model would be computationally very expensive. Therefore, often a 2D
plane-strain FE model is used and a matching technique is employed to convert the general
permeability of the medium into an equivalent plane-strain value. In practice, the axisymmetric
unit cell representing a drain is simplified into a plane-strain unit cell, assuming an equivalent

half width, B, for the cell.

A number of simplified matching approaches are available in the literature which are based
on manipulation of, either the drain spacing or the soil permeability. For the simplicity of
relationships each drain is assumed to work independently, a constant soil permeability is
adopted and consolidation is considered to take place in a uniform soil column with linear
compressibility characteristics (Yildiz et al. 2009). Comparing the numerical results in
literature, it seems that the 2D plane-strain analyses do not give a satisfactory agreement in
estimating the maximum value of excess pore pressure after construction. This may be
because the geometry and/or the permeability of the domain are changed but the
compressibility of the soil itself remains constant. Nonetheless, regardless of this issue, the
matching technique proposed by Hird et al. (1992) appears to be the most convenient one as
it allows the mesh size to be controlled. Another advantage of this technique is that no

particular smear zone is required to be considered in the modelling.

A simple permeability matching technique has also been proposed by Lin et al. (2000), where

matching is done for the horizontal permeability (see Equation (2))
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where kp,, is the equivalent horizontal permeability of surrounding soil in plane-strain

condition, k, is the horizontal permeability of the undisturbed soil, k; is the horizontal
permeability of the smeared zone, n = R/R,, and s = R;/R,, where R, R,, and R, are the radius
of the unit cell (equivalent radius), the drain, and the smear zone, respectively. In this paper
the matching technique proposed by Hird et al. (1992) together with the one proposed by Lin

et al. (2000) have been used to carry out numerical analyses.

The drain adopted at the site was reported to have an average width of 98.7 mm with a
discharge capacity of 157 m®/year. The equivalent diameter of the drain, calculated according
to the formulation proposed by Hansbo (1979) is 67 mm. Considering for the smear effect the
ratios k,/k; = 20 and D,/D,, = 8, values that proved to give accurate results when used with
the advanced constitutive models of the S-CLAY family (Yildiz et al. 2009), the equivalent

plane-strain permeability is kj,; = 0.0126kj,.

The advanced models, S-CLAY1S and Creep-SCLAY1S, have been implemented into the
finite-element code PLAXIS AE (Brinkgreve et al. 2014) through the user-defined soil model
facility of the software (Rezania et al. 2014). Details of the simulations carried out, and the

analysis of the results, in comparison with field performances, are discussed in the following.

3.1 Haarajoki embankment

Haarajoki embankment has a height of 2.9 m and a length of 100 m. Its crest is 8 m wide and
the slopes have a gradient of 1:2. It was founded on a 2 m thick dry crust lying above a 20.2 m
thick soft clay deposit. The foundation soil consists of soft soil with a high degree of anisotropy
and some inter-particle bonding. Half of the embankment (50-m-long section) was constructed
on PVD improved soft soil and the other half was built on the natural soft soil without any

ground improvement measure.
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A finite element mesh with 6-noded triangular elements is used for the FE analyses, with extra
degrees of freedom for excess PWP at corner nodes (during consolidation analysis). Mesh
sensitivity studies have been done to ensure that the mesh is dense enough to produce
accurate results. The geometry of the FE model is shown in Fig. 2; for the model, the far right
boundary is assumed at 40 m distance from the centerline. The bottom boundary of the clay
deposit is assumed to be completely fixed in both horizontal and vertical directions; whereas,
the left and right vertical boundaries are only restrained horizontally. Drainage is allowed at
the ground level, while due to unknown hydraulic conditions at the bottom boundary, this
boundary is considered impermeable. Impermeable drainage boundaries are also assigned to
the lateral boundaries. Based on ground data, the water table is assumed to be at the ground
surface. For the side of the embankment that was built on improved soil, PVDs are
incorporated in the model using the drain element in PLAXIS. Groundwater head is assumed

to be at ground level for all drains.

The embankment was built in 0.5m thick layers and each layer was placed and compacted
within 2 days, except for the foundation layer which was built within 5 days. For the calculation
phases, plastic analyses are carried out corresponding to the construction process of the
embankment, after which the consolidation analysis is performed.

3.1.1 Parameters estimation

The embankment itself is modelled using the simple linear elastic-perfectly plastic Mohr-
Coulomb model with the following reported values for the embankment material: Young
modulus E = 40000 kPa, Poisson’s coefficient v = 0.35, cohesion ¢’ = 2 kPa, friction angle

¢’ = 40°, unit weight y = 21 kKN/m?,

For the numerical simulation, the first layer (0-2 m) is divided into two parts; the first sub-layer
(0-1 m) is modelled with the Mohr-Coulomb model using E =2300 kPa, ¢’ =1 kPa and

¢’ = 30°. The second sub-layer (1-2 m) is modelled by assigning the relative advanced soil
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constitutive model used in the analysis without consideration of the effect of soil structure,

given that the soil at this layer has low sensitivity due to being fairly disturbed.

Based on the site investigation data and parameter values reported by Karstunen et al. (2015),
the soft soil deposit beneath Haarajoki embankment can be sub-divided into seven layers with
different parameter values. The values of model constants and state variables used for the
different soil layers are summarized in Table 1. In this table the conventional soil constants,
such as the elasticity constants x and v, and the critical state constants 4, 4; (i.e., the intrinsic
value of 1) and M are the same as those for the MCC model, hence their values are determined
in the standard manner. The values of the advanced anisotropic model parameters have been
determined following the approaches proposed in Wheeler et al. (2003) (for evaluation of
anisotropy parameters a,, w and wg,), and Karstunen et al. (2005) (for evaluation of

destructuration parameters y,, ¢ and ;).

Variation of permeability k with void ratio e during consolidation analysis is represented in
simulations through permeability change index parameter c, which is calculated according to

the following equation proposed by Berry and Poskitt (1972)

e—eg
Ck = k 3
08 () ©

The values of the constant ¢, can be obtained from the results of the oedometer tests.

For evaluation of the creep parameter, u;, (Sivasithamparam et al. 2015) the value of creep
index, C,, measured from conventional oedometer test results is used. According to Mesri and
Godlewski (1977), the ratio of C, /A can be considered to be constant for each clay layer. The
intrinsic value of the creep index C,; (the subscript i stands for the intrinsic values)
corresponding to the intrinsic compression index A; of each layer can be obtained by C,4;/A.
The values of the y; are essentially derived using the Equation (1). It should be noted that the

value of y; significantly influences the results, therefore its appropriate calibration is essential
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for realistic modelling of the long-term behavior. For determination of u; values based on the
abovementioned approach, a number of available laboratory test data were carefully
interpreted and the C, and A values which provide best simulation results were selected.
Finally, the values of modified intrinsic compression and swelling indexes, A; and x*, are
obtained as 1;= 1;/(1+e) and k*= k/(1+e) with e being the void ratio (Leoni et al., 2008).
Furthermore, Table 2 summarizes the parameter values used for the calculation of the
equivalent plane-strain permeability, according to the employed matching technique. The

modified coefficients of permeability of the soil layers, k,;, are presented in Table 3.

3.1.2 Results and discussion

3.1.2.1 Settlements
Fig. 3a shows settlement predictions versus time at the node directly under the centerline of

the embankment (point A in Fig. 2) for the side of the embankment that is not improved with
PVDs. It can be seen in the figure that the creep model provides an improved prediction of the
field measurements, however it is clearly on the conservative side. MCC grossly
underestimates the settlements. It is capable to accurately predict the settlement that occurred
in early stages; however, the predicted settlement rate slows down after about day 50, pointing
out that the model cannot take into consideration the time-dependent aspect of the soil
behavior. Application of S-CLAY1S model leads to a similar settlement prediction trend, but,
compared to MCC, it provides a less conservative modelling result as it considers the effects

of inherent features of natural soil behavior, particularly destructuration (i.e., strain softening).

Vertical settlement plots calculated for the side of the embankment built on the PVD improved
soil are presented in Fig. 3b. It is observed that all three constitutive models capture the effect
of PVD installation on accelerating the settlement of the soft ground. Settlement prediction by
the Creep-SCLAY1S model matches well with the field observations. It demonstrates that the
model is capable of providing an enhanced simulation for complex scenarios where soil strata
consists of both undisturbed and disturbed (smear zone) segments combined with drainage

elements.
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Surface settlement field data is available for the side of the embankment that was built on
unimproved soil. The measurements were taken on 10 days, 5 years and 10.7 years after
construction. The data has been used to investigate the surface settlement through predictions
from different models (see Fig. 4). With regards to the embankment side that was built on the
unimproved ground (Fig. 4a), all numerical simulations show limited vertical settlements
outside the embankment area; however, Creep-SCLAY1S predicts more surface heaving in
this area, particularly in short-term. All three models provide good estimation of the surface
settlements shortly after construction (i.e., after 10 days). However, in long-term, MCC model
grossly underestimates the surface settlements; while S-CLAY1S provides an improved
prediction, although still underestimating the field data. The Creep-SCLAY1S model is able to
significantly better capture the field observations, while still underestimating the vertical

displacements after 5 and 10 years.

The numerical simulation results for the effect of PVD installation on the surface settlements,
up to a distance of 40 m from the centerline of the embankment, can be observed in Fig. 4b.
No field data is available for this side of the embankment; hence, the simulation results are
presented for the same times when measurements were taken for the other half of the
embankment. For all of the soil models, the predicted trends are almost the same as the case
without PVDs (see Fig. 4b). The predicted vertical settlement immediately after construction
remains very similar to the unimproved side of the embankment; however, for the longer time
periods the increased amounts of vertical settlements are apparent, in particular for when the

advanced models S-CLAY1S and Creep-SCLAY1S are used.

Estimation of the settlement influence zone is particularly important for planning the
construction work in urban areas with dense concentrations of buildings. The span of
settlement influence zone predicted by different models is different. For both sides of the
embankment the Creep-SCLAY1S model predicts a large influence zone (e.g., about 30 m
from the centerline of the embankment on the unimproved side), whereas MCC and S-

CLAY1S models clearly predict a smaller influence zone (e.g., up to about 16 m on the

10
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unimproved side). From the figure, the extent of the influence zone seemingly decreases on
the side where the vertical drains are installed (see Fig. 4b), for example on this side MCC
and SCLAYL1S predict an influence zone of less than 10 m and Creep-SCLAY1S predicts an

influence zone of less than 30 m.

3.1.2.2 Lateral displacements

For the unimproved side of the embankment, the lateral displacement predictions underneath
the crest (4 m from the centerline) of the embankment after 15 days, 1 year and 3 years of
consolidation, are presented in Fig. 5a and are compared with the field data. From the results,
MCC and S-CLAY1S evidently underestimate the lateral displacements of the soft soil deposit,
particularly at higher ground levels. Creep-SCLAY1S is able to accurately predict the
maximum value of lateral displacement under the crest; however, for deeper ground levels it
overestimates the deformations. This could be partly due to the approximating approach used
for the determination of the creep index. All three models are able to predict the depth at which
the maximum horizontal displacement occurs (2.5 m), with Creep-SCLAY1S providing more

representative predictions.

For the PVD improved side of the embankment, except for the top ground layer, all three
models provide reasonably good prediction of the lateral displacements under the
embankment crest in short-term (after 15 days consolidation) (Fig. 5b). The relatively large
displacement at the field near the ground surface is believed to be caused by error in the field
measurements. According to the field data, by comparing the measurements on both sides of
the embankment it appears that the installation of PVDs does not result in significant

differences on the amount of lateral displacements in short-term.

For the horizontal displacements at the toe of the embankment, generally all three models
provide reasonable predictions for the side of the embankment that is built on the unimproved
foundation soil (Fig. 6a). Overall, MCC and S-CLAY1S models underestimate the lateral
displacements at shallow depths, while Creep-SCLAY1S overestimates the horizontal

displacements a year after construction but provides more accurate predictions of lateral

11
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displacements 3 years after construction. Better approximations of the lateral deformations at
deeper depths are obtained from the MCC and SCLAY1S models, while Creep-SCLAY1S

overestimates the lateral deformations at these depths.

With regards to the part of the embankment that is built on the PVD improved ground, all three
models fairly overestimate the amount of lateral displacements under the embankment toe
after 3 years of consolidation (Fig. 6b). This could be due to the fact that friction effects
between the soft soil and the PVDs are neglected in the numerical simulations. The narrowly
spaced PVDs are believed to act as some sort of “reinforcements” that can reduce the long-

term lateral displacements.

3.1.2.3 EXcess pore pressure

Pneumatic piezometers were installed at different depths underneath the embankment to
monitor the excess PWP variations with time. Measurements are available only for the half of
the embankment built on the unimproved ground; however, the numerical simulation results
of the PWP dissipation are obtained for both sides of the embankment. Fig. 7a shows the in-
situ measurements of PWP related to piezometers located at a depth of 4 m, 7 m, 10 m, and
15 m under the centerline. The actual pore pressure measurements are rather erratic, not
following a regular trend, particularly for the depth of 4 m, therefore the field data should not
be assumed as definitive. The excess PWP initially builds up during the embankment
construction and then it is gradually dissipated with time. It is seen in Fig. 7a that all three
constitutive models overestimate the initial excess PWP build up at 4 m and 7 m depths.
However, a relatively accurate prediction of initial excess PWP is obtained at deeper depths

i.e. 10 m and 15 m.

Considering the plots of PWP dissipation with time in Fig. 7a, it is observed that the dissipation
rate is faster when the isotropic MCC and time-independent SCLAY1S models are used, while
the application of the Creep-SCLAY1S results in the slowest rate of excess PWP dissipation.

This trend is observed at all depths analyzed here. Note that at 10 m and 15 m depths, the

12
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predictions of Creep-SCLAY1S show an increasing build-up of excess PWP up to day 650

(not shown here) from when the dissipation of excess PWP is commenced.

For the embankment side that was built on the PVD improved ground, all three models initially
show a sharp increase in the amount of excess PWP immediately after construction, followed
by a faster dissipation rate which is sensible as additional dissipation paths are provided by
the PVDs to discharge excess pore pressures (Fig. 7b). The results in Fig. 7 are presented for
the first 500 days of consolidation; however, the numerical analysis showed that when the
MCC model is used the excess PWP fully dissipated after 3500 days of consolidation, this is
the time that according to MCC consolidation settlement stops progressing. When S-CLAY1S
and Creep-SCLAY1S models are used the PWP dissipation prolongs into the following years

which is why with these models the consolidation settlement is continually progressing.

3.1.2.4 Stress field and state parameters

The installation of vertical drains also alters the stress field underneath the embankment. The
presence of drains leads to an increase in the stress values in the region near the drains, while
far from the drains the stress field approximately returns to that of the field underneath the
embankment without PVDs. This behavior has been observed for both vertical and horizontal
stresses; Fig. 8a shows the stress distribution along the embankment foundation 15 days after
construction and at a depth of 2.7 m, using the Creep-SCLAY1S model. The same behavior,
but with lower peaks at the drain locations, is observed for when several years of consolidation
have passed. Note that, due to the close spacing of PVDs, directly underneath the

embankment the effective mean stress values are continually increasing and decreasing.

Along with the stress field, column installation also influences the state parameters of the soll
such as void ratio. Void ratio decreases near the drains (see Fig. 8b) indicating a densification
of the soil due to fast drainage in this area. In between the drains, the value of the void ratio
increases, but it does not reach the values corresponding to when the foundation soft soil is

unimproved.
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In a similar manner, the presence of PVDs influences the structure of the soil. Considering
destructuration parameter y (Fig. 8c), the presence of drains causes a decrease of this state
parameter at the proximity of the drains, which is likely to be due to the disturbance caused
by the presence of the drain. The recovery in between the drains does not reach the values

of the simulation without PVDs.

3.2 Matching techniques

As discussed earlier, different matching technigues can be adopted to calculate the equivalent
permeability for the soil deposit when PVDs are installed. In this study the applications of two
different matching techniques are compared, one is a popular method proposed by Hird et al.
(1992) and the second is a less known method proposed by Lin et al. (2000). Considering the
parameters presented in Table 3, the equivalent permeability with the matching technique

proposed by Lin et al. (2000) is obtained as k,; = 0.012k;, which is a value very close to the

one obtained with the formulation of Hird et al. (1992).

Comparing the long-term settlement plots of the two sides of the case study embankment
studied in this paper (Fig. 9a) the numerical results obtained using the two matching
techniques are very similar. Also in terms of lateral deformations, the difference between the
results corresponding to the application of the two matching techniques is not noticeable (Fig.
9h). It is difficult to point out which is the more appropriate matching technique as the results

are almost identical.

When adopting the combined matching technique of Hird et al. (1992), one has to preselect
the value of the width of the equivalent plane-strain unit cell in order to obtain the
corresponding permeability, as the model takes into account both geometry and permeability
factors. By changing the value of B, in this instance for example adopting B =1, the
permeability value changes accordingly (k,; = 0.0504k}). It is observed that greater spacing
between the drains leads to a remarkable increase in settlement predictions (Fig. 10a).

Distribution of the effective stress parameter is slightly influenced by increase in drain spacing,
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resulting in lower decreasel/increase of stresses within the PVD improved soil (Fig. 10b).
Variations of the state parameters e and y are also decreased with increase in drain spacing
(Figs. 10c and d). In fact, higher values of equivalent plain-strain permeabilities obtained from
using higher drain spacing leads to a higher rate of consolidation and consequently higher
degradation of the inter-particle bonds (destructuration) within the PVD improved area. The
recovery in between the drains does not reach the values of the simulation with B = 0.5. An
advantage of assuming a greater value of B is the possibility to better control the FE mesh,

adopting a less refined mesh, therefore increasing the efficiency of the simulation.

As in the formulation of the equivalent plain-strain permeability proposed by Lin et al. (2000)
the geometry of the model is not considered, adopting different values for the equivalent plane-
strain cell does not alter the predictions. This implies that no further simplification of the
numerical model is feasible when the matching technique of Lin et al. (2000) is used.
Therefore, adopting an equivalent plain-strain width (2B) equal to the drain spacing (S) is

necessary for modelling PVD improved soil foundations.

4 Conclusions

In this paper, the influence of prefabricated vertical drains (PVDs) installation on the
consolidation response of the soft soils is analyzed. A case study test embankment namely
Haarajoki embankment is taken into consideration. Three different soil constitutive models are
applied for the numerical simulations (MCC, S-CLAY1S and the newly developed Creep-
SCLAY1S) in order to highlight the importance of considering time-effects (i.e., creep) in

natural soil behavior at practical level.

Based on the results, the Creep-SCLAY1S model appeared to be capable of providing
reasonably accurate predictions of the delayed soft soil response in general, and the PVD
installation effects in particular. The inability of the MCC and S-CLAY1S models to reproduce
the delayed response of the clay makes these models noticeably unviable for modelling case

studies where the soil response is considerably prone to creep. Furthermore, given the
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influence of the modified creep parameter values for accurate modelling of progressive
deformations with the Creep-SCLAY1S model, the good agreement between the creep model
predictions and observed settlements indicates that, where direct test data is not available,
the adopted methodology (i.e., C,; = C,A;/A) for estimation of intrinsic creep index values is

reasonably reliable for practical applications.

Concerning the numerical results for lateral deformations (see Fig. 5) there are clear
discrepancies between model predictions and field data at the ground level which could be

due to errors during lateral deformation measurements at the surface of the ground.

From the results presented, it could be observed that embankment loading combined with
prefabricated vertical drains is a very effective ground improvement technique for soft soil
deposits. In fact, the installation of PVDs significantly accelerates the settlement of soft clays
and the process of excess pore pressure dissipation. In this way, the construction project can
proceed faster without further damaging settlements in subsequent years. Additionally, the
presence of vertical drains alters the stress field and the soil state parameters, leading to a

higher stress level in the PVD improved area as well as further densification of the soil.

The actual field condition around vertical drains is 3D; therefore, a comprehensive analysis of
an embankment built over a soil deposit with a large number of PVDs should be conducted
with a fully three dimensional numerical model. However, an appropriate matching technique
to convert the vertical drain system into equivalent plane-strain condition allows using a
representative 2D plane-strain model, which is computationally less expensive. Two different
matching techniques, proposed by Hird et al. (1992) and Lin et al. (2000), have been adopted
for the numerical simulations in this study, and it was observed that their application leads to
fairly similar results. Nevertheless, the matching technique proposed by Hird et al. (1992)
appears to be more versatile as it takes into account both geometry and permeability aspects,

and as such its application allows to better control the efficiency of the numerical simulation.
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Half width of plane-strain unit cell
Cohesion

Permeability change index
Creep index

Intrinsic creep index

Equivalent diameter of unit cell
Equivalent diameter of mandrel

Equivalent diameter of smear zone
Equivalent diameter of drain
Young’s modulus

Initial void ratio

Void ratio

coefficient of lateral earth pressure at rest
Permeability
Horizontal permeability of undisturbed soil

Equivalent plane-strain horizontal
permeability
Horizontal permeability of smear zone

Vertical permeability of undisturbed soil

Stress ratio at critical state
Equivalent radius of unit cell
Equivalent radius of smear zone
Equivalent radius of drain

Drain spacing

[44]

Initial value of anisotropy

Scalar value of anisotropy

Creep exponent

Bonding parameter

Initial value of bonding parameter

Unit weight

Slope of swelling/recompression line from e —
Inp,diagram

Modified slope of swelling/recompression line
from e — Inp,diagram

Slope of post yield compression line from e —
Inp,diagram

Slope of intrinsic post yield compression line from
e — Inpydiagram

Modified slope of post yield compression line from
e — Inpydiagram

Modified slope of intrinsic post yield compression
line from e — Inp,ydiagram

Modified creep index

Intrinsic modified creep index
Rate of rotation
Rate of rotation due to deviator stress

Parameter controlling absolute rate of
destructuration

Parameter controlling relative effectiveness of
destructuration rate

Poisson’s coefficient

Friction angle

Reference time

Normal consolidation surface
Pre-overburden pressure
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490

491 Table 1 — Model constants adopted for Haarajoki clay layers
Layer 1la Layer 1b Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7
Type Parameter 5y (12m)  (2-6m)  (6-7m)  (7-12m) (12-15m)  (15-18m) (18-22.2m)
Initial stress e 1.25 1.25 2.90 2.60 235 2.20 2.00 1.25
state
¥ (KN/m3) 175 17.5 14.3 14.3 15.1 15.1 15.7 175
POP (kN/m?) 110 32 32 32 32 32 32 32
Elasticity v 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
A 0.010 0.010 0.030 0.036 0.030 0.034 0.004
Critical State M - 1.60 1.15 1.43 1.15 1.20 1.55 1.55
A s 0.20 1.33 0.96 0.96 1.06 0.45 0.10
A e 0.20 0.38 0.27 0.26 0.30 0.13 0.03
Anisotropic a e 0.63 0.44 0.55 0.44 0.46 0.61 0.61
[ 37 33 49 44 35 36 37
wg - 1.02 0.70 0.97 0.70 0.76 1.01 1.01
Destructuration y, = - 4 22 30 45 45 45 45
g e 8 8 8 8 8 8 8
e - 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Viscosity we e 1.16E-3 4.44E-3 3.47E-3 3.73E-3 4.32E-3 1.95E-3 5.79E-3
Permeability kn, (m/d) 3.46E-4 3.46E-4 1.04E-4 8.64E-5 8.64E-5 8.64E-5 8.64E-5 3.46E-4
k, (m/d) 1.73E-4 1.73E-4 5.18E-5 4.32E-5 4.32E-5 4.32E-5 4.32E-5 1.73E-4
Ck 0.45 0.45 1.12 1.29 0.74 0.61 0.40 0.40
492
493
494 Table 2 — Parameters adopted for matching technique
S [m] B [m] R [m] Rs [m] Ry, [m] Rs/Ry, kol ks
1 0.5 0.564 0.268 0.034
495
496
497 Table 3 — Modified coefficients of permeability according to the matching techniques
Laver Layer1la  Layer 1b Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7
Y (0-1m) (1-2m) (2-6m) (6-7m) (7-12m)  (12-15m) (15-18m) (18-22.2m)
knpi
(Hird et al. 4.36E-6 1.31E-6 1.09E-6 1.09E-6 1.09E-6 1.09E-6 1.09E-6 4.36E-6
1992)
khpl
(Lin et al., 2000) 4.15E-6 1.25E-6 1.04E-6 1.04E-6 1.04E-6 1.04E-6 1.04E-6 4.15E-6
498
499
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Fig. 1. PVD pattern: (a) square pattern; (b) triangular pattern; (c) drain with smear zone
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Fig. 2. Geometry of the finite element models adopted for the simulation of Haarajoki test embankment and the

position of PVDs; Left: unimproved side; Right: improved side of the foundation soil
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Fig. 7. Excess pore water pressure dissipation with time at different depths: (a) without PVDs; (b) with PVDs
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