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3D simulations of deep mixed columns under road
embankment

Ayman Abed', Leena Korkiala-Tanttu, Juha Forsman and Kirsi Koivisto

Summary When column stabilisation is meant to function as a ground improvement under an
embankment, the design cases to be considered consist of overall stability, compression resistance
of the column heads, arching of the embankment on the columns and settlements. This paper
focuses on the compression resistance of the columns. The proper geotechnical design of deep
mixed (deep stabilised) columns under road embankment requires good estimation of the stress-
strain behaviour of the columns and the surrounding soil under the embankment and traffic
loading. Earlier Finnish design approaches relied on an even traffic load of 10 kN/m? on the road
surface. The dimensioning methods for column stabilised soil are also based on the idea of an
even traffic load. Due to Eurocode recommendations a more realistic scenario is introduced,
which remarkably increases the magnitude of the traffic loading. After deriving suitable material
properties and stiffness parameters for static and dynamic traffic loading, three-dimensional finite
element calculations are performed to achieve better understanding of the mechanical interaction
between the embankment, columns and soil under the new loading configuration. Even though
more investigations are needed before delivering a final statement, the calculations show that, for
the considered case in this paper, the new loading scenario has no relevant consequences on the
design compared to the earlier design approach.
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Introduction

Deep mixing or deep stabilisation is a widely used ground improvement method in
Finland in areas of soft clay [10]. Especially the use of columns made with the dry mixing
method has established its role in Nordic foundation engineering [30]. In column
stabilisation, a mixing head is pushed and rotated though the soft subsoil into the desired
depth. Then it is raised up by rotating while simultaneously adding binder material
pneumatically into the soil [5]. After a curing time, typically from one to three months,
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the hardened columns and surrounding soft soil between the columns create an
inhomogeneous soil mass, where in the long-term stresses concentrate mainly on the
columns.

Finnish Transport Agency (FTA) has updated the guidelines for the design of deep
mixing [7]. The implementation of the Eurocode approach with new traffic loads was the
main drive behind updating the earlier guidelines from 2010 [9]. FTA substantially
updated the traffic loads for roads in their guideline NCCI7 [8]. The loads presented in
“Geotechnical Design, Application guidelines for Eurocode in Finnish FTA’s guideline
NCCI7” [8] are based on the measurements made on the Finnish road network during
2013 and 2014 [29]. Earlier, the design traffic load for roads [6, 9] was an evenly
distributed 10 kKN/m?. According to the new regulations the traffic load became an evenly
distributed load of 9 kN/m? with an additional distributed load of 31 kN/m? at the area of
3 m x5 mon one lane. The location of this additional load can vary (Figure 1).
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Figure 1. Top view of the traffic load for road design according to NCCI7 [8].

Broms and Boman [3] presented the design principles of elastic columns based on the
concept of equal strain of columns and soil. The elastic column means that in the design
the yield stress of columns, assumed to be 70 % of the failure strength, is not exceeded.
The design of the columns is based on the allowed load of the column. The design method
applies a long-term modulus for the columns and the soft soil between columns [7, 9].
The earlier design guidelines adopted the analytical method of linear elasticity [23] to
estimate the stress distribution between columns and the surrounding soil [9, 3]. The 10
kKN/m? even traffic loading was assumed not to be distributed in the embankment or in
the dry crust layer.

In the case of an additional distributed loading of 31 kN/m? (on an area of 3 m x 5 m)
the load is assumed to be distributed in the embankment. The stress distribution in the
embankment and subsoil layers was simulated for both the uniform loading of 10 kN/m?
and the updated traffic loading. The comparison showed a clear increase of the stress level
for the 31 kPa loading in the upper part of the column compared to the previously
implemented loading of 10 kPa. This increase would directly affect the design, and the
centre-to-centre (c/c) distance for the elastic columns would decrease (or the diameter of
the columns or the binder amount would increase) leading to more expensive deep mixing
for the embankment foundation. However, the existing deep mixed column structures
have performed quite well, and during the last 40 years only in few cases have problems



been reported in the existing column structures. In some of these cases, no dry crust layer
has existed and the embankment has been thin, so the traffic load at the uppermost part
of the column has exceeded the yield stress level.

Based on the simulations made during updating the guidelines, it was found that the
new distributed traffic load and the earlier dimensioning method cannot be combined
before more consideration is done. In the simulations, the old even traffic load of 10 kPa
was replaced by a new distributed load, which in analytical calculations gives somewhat
overconservative results. To find a solution to this issue, versatile three-dimensional
numerical simulations are done. The objective of this paper is to present and discuss the
results of three-dimensional simulations of a road embankment over column-stabilised
soil that is subjected to a traffic load configuration which meets the new design guidelines.
Implicitly, the paper proposes a method to define the material parameters for similar
loading scenarios. On the grounds of the numerical results, the paper delivers
recommendations for improving the current design practice of such cases.

Problem geometry

Figure 2 illustrates the road cross section, its dimensions, columns and the subsoil in 3D
space. The dimensions of the embankment correspond to a fairly conventional Finnish
case of column stabilisation as a ground improvement method. The height of the
embankment is 2 meters, the width 10 meters and the inclination of slopes 1:2. The subsoil
has two layers: i) dry crust which is a thin, relatively strong partially saturated clay layer
that lies directly over a soft saturated clay layer. In Finland the typical thickness of dry
crust is 0.5 to 3 meters. The current study considers an average thickness of 1 meter. The
current study considers an average thickness of 1 meter ii) soft clay of 10 meters. Below,
there is a stiff soil layer (moraine). The soft clay has the typical properties for a coastal
Finland clay. Two column spacings were chosen with the centre-to-centre (c/c) distances
of 0.9 mand 1.3 m, and a diameter of 600 mm for the columns. The columns were of two
different types, soft and stiff. The diameter, c/c distance and the strength of the elastic
columns were selected according to analytical calculations done following the guidelines
of FTA (2010) [9] with the evenly distributed traffic load of 10 kN/m?.

The stress distributions were mainly analysed on the bottom of the dry crust and along
the column in the middle of the road (see the red rectangle in Figure 2). This area is
normally the most critical part of the column in the compression strength design. The
columns were assumed to behave as an elastic material.

When the columns are elastic, the embankment load is distributed over the columns
and subsoil in relation to their area-weighted stiffness. About 90-95% of the embankment
load is typically distributed to the columns.
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Figure 2. Problem geometry. Distance between the columns (D = 600 mm) is c/c = 0.9 or
1.3 m. The stress distributions were mainly analysed at the bottom of the dry crust and along the
column in the middle of the road and subsoil — see the red rectangle.

Parameters in different design situations

The compression resistance of the columns should be analysed e.g. in the following two
cases:
1. Final embankment and pavement structure + dynamic traffic load.
2. Final embankment and pavement structure + a static live load (e.g. truck
parking area).

Case 1 is the most common, where the stress caused by the fast-acting (dynamic)
traffic load is passed to the columns, to the granular structure of the soil between columns
and to the generated excess pore pressure. Whereas, under the static load, the excess pore
pressure has time to partly dissipate, and a greater portion of the load concentrates on the
columns and the granular structure of the soil between columns than in the case of the
dynamic load. This article mainly discusses case 1, however the soil parameters are
derived for both cases.

The previous design guidelines [9] used stiffness modulus E., for columns and
drained state tangent modulus M for soil. The modelling with dynamic traffic load,
presented in this paper, uses initial undrained stiffness modulus EJ .; for columns and
Exsoi for the soil between columns. To define the initial stress state equivalent to the
embankment load, drained Young’s modulus E' is used for the soil between columns and
Ecol for columns. Only linear elastic material models are employed in the current FEM
modelling.

It is worth mentioning that when modelling the structure with the static load, drained
elastic modulus Eo was employed for the soil between columns. Even though the
modelling of this case is not presented here but the needed parameters are provided in the
following section.



Material parameters

Embankment: Finnish Road Administration [6] has defined design parameters for the
embankment. In the current study, the commonly used value for the total unit weight 20
KN/m? was chosen (crushed aggregate). The Poisson’s ratio usually applied to crushed
aggregate is 0.2 [31]. Kolisoja [15] has defined Young’s modulus E' for different unbound
pavement materials based on the results from static large-scale laboratory tests. The static
secant modulus for natural and crushed rock materials was found to vary between 236—
515 MPa. The selected value for this study was 300 MPa.

Dry crust: Ringesten [24] has collected material parameters for weathered dry crusts
around Sweden. According to his studies, the bulk density varies between 16 and 19
kKN/m3. According to Koylijarvi [16] the effective unit weight in the lower part of the dry
crust was 17.2 kN/m?® for Helsinki region. Vinter [31] suggested a value of 18 kN/m?,
which has been chosen for the presented modelling. For the drained stiffness modulus E',
Vinter [31] has applied a value of 50 MPa and Koylijarvi [16] a value of 25 MPa. After
the preliminary modelling it became clear that the value of 50 MPa was a bit too high and
the value of 25 MPa too low, so after some deliberation the selected value was changed
to 39 MPa.

Clay: For Perni6 clay, which represents the common fat clay of Southern Finland,
Lofman [19] showed that the mean total unit weight for 142 samples varied between 14.2
and 15.1 kN/m®. Ronkainen [25] analysed a database of 104 samples, where the yielded
mean total value was 15.6 kN/m®. Accordingly, the chosen value for total unit weight was
15 kN/m?® and effective unit weight 5 kN/m®. The plasticity index I, = wi —wy (liquid limit
— plastic limit) of Finnish clays is in average ranges between 25% to 35% [25]. Finnish
clays are often lightly over consolidated with OCR =1.2...1.5[19]. Poisson’s ratio v' for
soft clay was selected to be 0.33 [33] and the drained modulus E' is linked to the undrained
modulus Ey and undrained Poisson’s ratio vy (0,5) defined later, according to Equation 1.

’ (v'+1)

E'=E,- o) 1)
There exists relatively little data for undrained Young’s modulus for Finnish clays,
therefore a chart by Kulhawy and Mayne [17] was applied. The undrained modulus is
commonly normalized with the undrained shear strength (sy) from the same triaxial test.
The chart by Kulhawy and Mayne [17] gives E, values between 7.5 and 19 MPa where
sy for the soft clay is around 12.5 kPa. An average value of 15 MPa for static undrained

modulus is adopted, yielding E' = 13.3 MPa.

Stabilised clay: According to Hassan [11] the bulk density of stabilised clay increases
for example by 50-60 kg/m® when the binder amount increases from 50 to 150 kg/m?.
For soft columns, the same effective unit weight as for clay (y' = 5 kN/m?) was employed,
because the amount of the binder is low. However, for stiff columns y' was increased to 6
KN/m?,

The reported values by Navin [21] for the effective Poisson’s ratio v' of stabilised
material vary between 0.25 and 0.5. Vogler [32] presented modelling calculations of



stabilised soil with v' = 0.35 for the columns. An average value of 0.33 was adopted for
the current modelling. Determining the stiffness of stabilised soil is challenging and
therefore it is common to use empirical correlations between the undrained shear strength
of stabilised soil suco and the related stiffness. Timoney [28] collected a list of these
equations to estimate the stiffness Ecol both from laboratory and field tests. Many of the
equations are linear and, for the most part, quite similar to each other. One of the more
common ones is Equation 2, which was also used in the old Finnish guide book [6].

Ecol =100 ~ 200 * sy o (2)

where sycor is estimated in [kPa].

According to Swedish Road Administration [27] the stiffness modulus for columns
Ecol can be derived from Equation 3, where 0.7 X sycol represents the value of the shear
yielding strength for the stabilised soil of columns. In both the new and the former Finnish
guidelines [7, 9], the column stiffness is derived based on Equation 4.

1.6
Ecor =13 (0-7 Su,(:ol) (3)

1.6
Ecor = 20 (0-7 Su,(:ol) (4)

To make the design cases as realistic as possible, it was assumed that the “soft”
columns and the “stiff” columns have the shear strengths of 70 kPa and 150 kPa,
respectively. Consequently, based on Equations 2 and 4 taken from Finnish handbooks,
the nominal values of column stiffness are 7-14 MPa (Eq. 2) or 10 MPa (Eq. 4) for the
“soft” columns and 15-30 or 34 MPa for the “stiff” columns. Table 1 shows the literature
values and the selected material parameters. The stiffness parameters in this table are used
for modelling the case of static traffic loading (not presented in this paper).

Table 1. Material parameters. Literature values / selected values.

Material Unit weight y' Drained Poisson’s Drained Young’s
[KN/m?] ratio v' [-] modulus E' [MPa]
Embankment 20/20 0.21/0.2 236-515%/ 300
Dry crust 18'/18 0.31/0.3 25°-50%/ 39
Clay, soft 14.2-15.1*/ 15 0.33%/0.33 6.6-17°/13.3°
Column, soft 15% /15 0.357/0.33 7-14 1 148
Column, stiff 165/ 16 0.35'/0.33 15-34 / 308

“[31] *[15] *[19] *[33] °[17]°[11] "[32] °[6, 7] ° [16]

Stiffness parameters for dynamic traffic load

Due to the dynamic nature of the traffic loading, resulting strains are likely to be small.
Therefore, small strain stiffness parameters were selected for the modelling of traffic
loading (case 1).

Clay: Small strain stiffness can be estimated with the help of the initial shear modulus.
The modulus E relates to the shear modulus G according to Equation 5, which is based
on the theory of elasticity. Robertson [26] suggests a Poisson’s ratio value of 0.2 for



drained soil behaviour at small strains, which means, based on Equation 5 that the

relationship between the initial shear modulus Go and initial elastic modulus E2;; can be

estimated with Equation 6a in drained and 6b in undrained condition.

E=2G(v+1) ()
Ed:y =~ 24 Gy, whenv = 0.2 (6a)
usoil & 3 Go, whenv =10.5 (6b)

Maenpéé [20] presented several different ways to estimate the initial shear modulus
Go from literature. Most of the existing estimation methods are given in terms of shear
strength, over-consolidation degree and plasticity index. For plastic clays the initial shear
modulus can be estimated based on Equation 7, proposed by Larsson and Mulabdic’ [18].

A
G, = (E + B) Su,soil (7)

They suggest regression values A = 208 and B = 250, which are constants that provide
good fit for Scandinavian clays. As mentioned earlier, the plasticity index Iy is usually
around 0.35 for Finnish clays. A typical shear strength sy soil OF clay under the dry crust is
10 kPa at Finnish coastal areas. With these values, Equation 7 yields Go = 8.44 MPa.
Employing Equation 6a the initial effective stiffness modulus E2;, = 20.3 MPa for a
typical Finnish clay at the areas where column stabilisation is used. Equation 6b can also

be used to estimate the initial undrained stiffness modulus E{ s,; by using the undrained

Poisson’s ratio of vy = 0.5 and initial shear modulus of Go = 8.44 MPa, which gives EQ

= 25.3 MPa.

Experimentally, the initial shear modulus can be determined from bender element test
or seismic CPTU soundings. Maenpéa [20] did seismic CPTU soundings for four
different, well-defined Finnish clay deposits and gave the following formula (Eqg. 8).

Go =900 - Su,soil (8)

Upon substituting with sy soil = 10 kPa in the above equation, a value of Go = 9.0 MPa
was derived, confirming the adopted value of Go =8.44 MPa for the analyses.

Stabilised clay: Chan [4] studied the initial shear modulus of stabilised kaolin samples.
He proposed both linear and second-degree polynomial correlations between undrained
shear strength sy and initial shear modulus Go for three different types of clay, one
artificial (Speswhite kaolin) and two naturally occurring clays (Malaysian and Swedish
clays). The clays were stabilised in the laboratory. The second-degree polynomial
correlations worked properly only in the range of stresses equal to that of the original
samples, but the linear correlations (Egs. 9, 10 and 11) can be extrapolated to different
stress ranges.

Speswhite kaolin:
Sucol = 0.644 - 1073 -Gy > Go = 1553 - suco1  (9)



Malaysian clay:

Sucol = 1473 - 1073 -Gy = G = 679 * Sy ol (10)
Swedish clay:

Sucol = 1.105 + 1073+ Gy = Gg = 905 - 5, co1 (11)

Figure 3 shows the shear modulus / shear strength correlations from column samples
of two Finnish test sites, one from the town of Kouvola [14] and the other from Vantaa
[12]. The shear moduli of the test samples have been determined either with bender
element or resonant column tests, and the shear strength has been derived from the quality
control soundings of the columns at the test site.

In addition, Figure 3 presents the shear modulus / shear strength correlations used in
the 2D FEM modelling done for the Kouvola test site [13]. The correlations by Chan [4]
discussed above are also presented in Figure 3. Of the discussed correlations, the linear
correlation given by Chan [4] for Malaysian clay (Eq. 10) fits best to the studied samples
from Kouvola and Vantaa.

250 1
200 1
150
100

50 4

Shear modulus, G, [MPa]

50 100 150 200 250 300
Column shear strength, characteristic value [kPa]
= Equation 12,v=0.5 Equation 13,v=0.5
Larsson & Mulabdic' [18] - - - - Speswhite kaolin [4]
— — - Malaysian clay [4] — - — Swedish clay [4]
— - — Mdenpda [20] Koria, Kouvola, BE [14]
[0 Koria, Kouvola, RC [14] ¢ Koria, Kouvola, FEM 2D [13]

X Koivukyld, Vantaa [12]

Figure 3. Correlations between small strain shear modulus Go and shear strength s, o Of
stabilisation columns from different studies and from two test sites in Finland. (BE = Bender
element test, RC = Resonant column test).

To find a better approximation to the samples, equations 12 and 13 were created for
the initial elastic modulus. Equation 12 was a linear fit, whereas Equation 13 was adapted
based on Equation 4. Equation 13 has also been suggested as the one to be applied for
small strain elastic modulus by the new Finnish guidelines [7]. Figure 3 shows the graphs
of equations 12 and 13 together with the column sample correlations they were fitted to



Ecol = 1600 Su,col (12)

1.6
Ecol = 120 (0.7 sy c01) (13)

Equation 13 is employed to estimate the initial elastic modulus for the stabilised
column assuming an undrained shear strength of 70 kPa and 150 kPa. For syco = 70 kPa
the initial elastic modulus varies from 47.5 to 109 MPa, whereas for Suco = 150 kPa it
falls in the range of 102 to 233 MPa. Table 2 lists the adopted small strain stiffness
parameters for clay and stabilised columns.

Table 2. Analysed cases and material parameters for a rapid traffic load for soft clay and
stabilised columns (equations 12 and 5b are used in the table columns 3 and 4).

Case c/cdistance  Undrained shear Undrained Undrained stiffness  Ratio
No. [m] strength of column  stiffness of of clay Ecol / Exoil
Sucol [KPQ] column Eco Esoil [MPa]
[MPa]
1 0.9 70 61 25.3 2.4
2 0.9 100 107 25.3 4.2
3 0.9 150 206 25.3 8.1
4 0.9 225 393 25.3 15.5
7 1.3 70 61 25.3 2.4
8 1.3 100 107 25.3 4.2
9 1.3 150 206 25.3 8.1
10 1.3 225 393 25.3 15.5
3D modelling

Finite element model

The 3D finite element calculations were performed using PLAXIS 3D [22]. Figure 4
illustrates the problem geometry, dimensions and finite element mesh (for more details
about the dimensions, see Figure 2). Due to symmetry, only a quarter of the problem is
modelled. The example shown in Figure 4 represents the case of c¢/c = 0.9 m. The finite
element mesh consists of about 630 000 ten-noded tetrahedron elements with four stress
integration (Gauss) points per element.
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Figure 4. The employed geometry and dimensions. (a) model geometry with soil profile and
loadings as presented in Figure 2. (b) part of the finite element mesh with the location of result
sections: A-A at the centre of the middle column; B-B through the adjacent soil in the middle of
the distance c/c; C-C is horizontal section at depth 1.5 m.

Material constitutive model and calculation phases

Linear elastic material model was employed to simulate the response of all objects
involved in the problem. Both the clay layer and column material were assumed to be in
undrained conditions due to their very low permeability and rapid loading. The
embankment body was assumed to be drained in all the calculation phases (high
permeability). The following phases were adopted in the numerical simulation:
1. Initial phase: for generation of initial stresses (Ko procedure).
2. Column installation phase: the initial soil material in the column cylinders is
replaced by a material representing the desired column stiffness and properties.
3. Embankment construction phase: the embankment body is activated at this
stage.
4. Consolidation phase: consolidation analysis is run to dissipate all the excess
pore pressure that developed in the previous phases. The target is to reach zero
excess pore water pressure before the traffic load is applied.
5. Traffic loading phase: undrained phase with the application of 9 + 31 kPa
traffic loading as in Figures 1 and 2.

The main goal was to study the increment in stresses in the critical column and in the
adjacent soil due to the sudden application of traffic loading. This was assessed by
subtracting the total displacements, stresses and strain results in phase 4 from the
corresponding values at the end of phase 5. The calculations were repeated for varying
c/c-distances and stiffness ratios. Table 2 summarizes the performed simulations. Due to
the similarity in the general behaviours, only the results from two cases with ¢c/c = 0.9 m
and c/c = 1.3 m are presented here in Figures 5-8. The full results are reported by Abed
et al. [1, 2] and they are available upon request. However, the total outcome of the
calculations is presented in the discussion and conclusion sections.

10



Calculation results

Figure 5 presents the total displacements at the end of the calculations. This figure serves
as a reference for the general response of the numerical model and adequacy of the
position of the boundary conditions. It also shows that the model behaves qualitatively as
expected and that the problem boundaries were correctly decided and were far enough to
avoid any disturbance to the solution domain.

Figure 6 shows results along the section C-C at the depth of —1.5 m and Figure 7 along
sections A-A and B-B along the critical column and the adjacent soil. Respectively the
case of ¢/c = 0.9 m and stiffness ratio of Ecoi / Esoil = 2.4 is presented in the a-figures and
the case of c/c = 1.3 m and stiffness ratio of Ecoi / Esoit = 8.1 in the b-figures.

Figure 8 illustrates some characteristic output of the calculations. These results are for
the case of c/c = 1.3 m and stiffness ratio of Ecol / Esoil = 2.4.

*10° m]

1 Gy

Figure 5. Model response: total displacement at the end of analysis
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a) c/c= 0.9 m + Ecol/Esoil = 2.4
Location [m]
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b) c¢fc= 1.3 m+ Ecol/Esoil = 8.1
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Figure 6. Calculation results, vertical displacement increment and vertical stress increment
at the section C-C. Level 0 m is the bottom of the embankment. (a) ¢/c = 0.9 m + Eco / Esoit = 2.4
and (b) c/c = 1.3 m + Ecoi / Esoit = 8.1. Legends: total stress increment (Ac;;), effective stress
increment (Acz;”) and excess pore pressure increment (Apexcess).

12



a) c/c= 0.9 m+ Ecol/Esoil =2.4
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Figure 7. Calculation results, effective stress increment in the z-direction, y-direction and
ratio between horizontal (y) and vertical (z) effective stress increments at sections A-A and B-B
along the critical column and the adjacent soil, respectively. Level 0 m is the bottom of the
embankment. (a) c¢/c = 0.9 m + Eco / Esoit = 2.4. (b) ¢/c = 1.3 M + Ecor / Esoit = 8.1.
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Figure 8. Example of the typical calculation output: (a) total vertical stress before traffic
loading; and (b) excess pore water pressure after traffic loading (max ~ 20kPa).

Discussion

Figure 9 illustrates the results of the eight calculations listed in Table 2. The vertical axis
shows the depth from the road surface and the horizontal axis the calculated averaged
vertical total stress increments due to traffic load. The numbers represent weighted values
(with respect to the area of c/c by c/c supported by one column) from each stress
increment carried by the column and by the soil. The averaged vertical total stress
increment due to traffic load is expressed by:

_ AGZCOI XAcol +Ao-zsoil XAgoil

Gzaverage Acol + Asoil (14)

In Equation 14, Acol and Asoil are the horizontal cross-section areas of the column and
soil, respectively. The symbol Ac;average Stands for the average value of vertical stress
increment.

Figure 10 presents values of averaged vertical total stress increment due to traffic load
compared to the results calculated with the Boussinesq and 2:1 -stress distribution
theories. It appears that conclusive differences exist between the results from the
Boussinesq, the 2:1 stress distribution and the results from 3D FEM calculated values.

A0zaverage —A0zBoussinesq - 100 [%] (15)
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Figure 9. Average vertical stress increment for ¢/c = 0.9 m and 1.3 m with different moduli
ratios of Ecol / Esoil.
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Figure 10. Average vertical stress increment and comparison to the Boussinesq and 2:1 -stress
distributions.
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Table 3 presents the differences between FEM-calculated values and results from the
Boussinesq stress distribution (Eq. 15) and the 2:1 stress distribution (Eq. 16) methods at
the depths of 3, 4 and 5 meters from the road surface.

Table 3. Difference in the total stress increment due to traffic between 3D FEM calculated
results and values from the Boussinesq and the 2:1 stress distribution methods at the depths of 3,
4 and 5 meters from the road surface. All stress distributions are presented in Figure 10.

Depth Difference between 3D FEM and Difference between 3D FEM and 2:1-
fromroad  Boussinesg-calculated Ao; average (EQ. stress-distribution-calculated 4oz average
surface 14) (Eq. 15)
3m +4 %...—28 % +25 %...—14 %
4m +18 %...—16 % +27 %...—10 %
5m +37 %...—6 % +33 %...—9 %
Design

Calculation results presented in Figure 9 are adopted in the new stabilisation design
guidebook by FTA [7]. Both the new guidebook [7] and the previous guidebook by FTA
[9] contain design examples. In one of these examples the geometry of the embankment
and the soil layers are similar to those in the case of FEM analyses portrayed in this paper
(Figure 2).

In stability calculations the change consists of an increase in the traffic load from the
previously used 10 kPa to 12 kPa, developed for standard cases from the traffic load in
NCCI7 [8]. The settlement calculations and the verifying of arching on columns are
identical in both the FTA 2010 and 2018 guidelines. The main adjustments are in the
traffic loading and in verifying the compression capacity of the top of the columns.

The design example of FTA with the traffic load of 10 kPa (Appendix 2 in [9]) gives
as a result the column ratio of a = 0.35 (a = Acol / ( Asoil + Acol ) ) With the shear strength
of 100 kPa for columns. The same example with the new traffic load (Appendix 3 in [7])
gives also result of a = 0.35. When the shear strength of the columns is 100 kPa, this
results in columns with the diameter of 600 mm having a column distance of c/c = 0.90
m or with the diameter of 700 mm having a column distance of 1.05 m. This means that
the number of columns ends up as the same in the two cases — both with the previous
traffic load of 10 kPa and with the new one of 9 + 31 kPa, where 31 kPa impacts an area
of 3 m x 5 m. Obviously this design example is not a universal result and for instance
when no dry crust exists under a moderately thin embankment, the new traffic load leads
to either a smaller c/c-distance, a larger column diameter or higher column strength.
Similarly, the increase in the Ecol to Esoil ratio results in a smaller c/c-distance, a larger
diameter or higher strength of the columns.

Conclusions

Due to Eurocode recommendations there have been major increase in the intensity of the
traffic loading. The 3D simulations were done to better understand the interaction
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between column and soil under a rapid traffic load. The results proved that the average
vertical stress increment decreases downwards as expected, but the magnitude of the
decrease differs significantly from the one determined with either the Boussinesq or the
2:1 stress distribution theory. The vertical stress increment increases when the distance
between columns decreases (from 1.3 m to 0.9 m) or when the ratio between the column
and soil stiffness increases.

The aforementioned results were implemented into the updated design guidelines of
Finnish Transport Agency [7] in the analytical dimensioning of deep stabilisation. On the
basis of some design examples it appears that the previous design method with the traffic
load of 10 kPa leads to quite the similar number of columns as with the new traffic load
of 9 + 31 kPa regardless of the theoretical inadequacy in the previous traffic load
consideration. If no dry crust exists under a moderately thin embankment, the new traffic
loading and dimensioning leads to more conservative design with smaller c/c distance,
larger columns or higher column strength.
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