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CHAPTER EIGHT

8 PRACTICAL APPLICATIONS

8.1 GENERAL
In Australia, the railway system plays a significant role in hauling bulk commodities to
ports, conveying passengers and transporting freight along major corridors. Rail tracks
are conventionally founded on compacted ballast platforms, which are laid on natural
subsoil (subgrade). The subgrade is composed of naturally deposited soil, fill material
or a combination of both. Its primary function is to provide a stable foundation to the
track. In the coastal areas, the rail tracks are constructed on embankments overlying soft
and compressible formation soils. The passage of heavy haul trains with considerable
imposed train loads over these deposits causes excessive track settlement and significant
reduction in the load bearing capacity of the track. In soft formation areas, high volumes
of plastic clays can sustain high excess pore water pressures during both static and
cyclic (repeated) loading. The excessive pore water pressures rapidly decrease the
bearing capacity of the undrained formation, leading to overall track failure. Clearly, the
subgrade stiffness and strength have major roles to play influencing the track stability.
In the case of soft subgrade, the low stiffness and shear strength induce excessive track
deflection under the train dynamic load, which indicates that maintenance would be a
crucial issue for tracks on soft formations. Therefore, it is important to investigate
methods for increasing the stiffness of soft subgrade using different stabilisation
techniques. In this chapter, the natural effects of planting trees along the railway
corridors and the artificial effects of prefabricated vertical drains with vacuum
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preloading are compared. Of course, it is obvious that the matric suction generated by
natural tree roots in the root zone will be far greater than the maximum possible matric
suction of 100kPa (i.e. 1 atmosphere) that can be applied by artificial vacuum pressure
apparatus along the PVDs.

8.2 NUMERICAL MODELLING
A two dimensional finite element analysis has been used to predict the ground
displacement in the vicinity of railway lines. Firstly, the ground behaviour beneath the
rail track in plane-strain conditions has been modelled. Then the effect of two rows of
11m high Eucalyptus largiflorens (black box) trees on the stress-displacement behaviour
of the ground under train loading has been investigated. Afterwards, the behaviour of
the subgrade soil stabilised using 3 rows of prefabricated vertical drains (PVDs) with
vacuum preloading along rail track has been analysed and compared with the previous
case. The finite element mesh and specified boundary conditions are shown in Figure
8.1.

Figure 8.1 Geometry and boundary conditions of the finite element model
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Because of symmetry, a zero flux boundary was applied to the left hand side of mesh in
Figure 8.1. It is assumed that the rainfall and evaporation can compensate each other,
and therefore, a "no water in-flow" condition is applied to the soil surface. The mesh
used in this simulation contains bi-linear strain quadrilateral elements (CPE4P) with 4
displacement and pore pressure nodes at the corner of each element. The entire FE mesh
consists of 4960 nodes and 4800 elements.
In railway engineering, repeated train loading is usually modelled as a static load
corrected by an impact load factor (dynamic amplification factor). The value of impact
load factor may be changed according to the field conditions simulated on track (Esveld,
2001). In this study, a static load of 80kPa with an appropriateimpact factor of 1.3 has
been applied in lieu with 25 tonne axle loads
In this model, the effect of a Black Box tree (same as in Chapter 5) planted 16m
away from the track centre line has been simulated. All specifications of the tree used in
the analysis are the same as reported in Chapter 5. The root water uptake model was
included in the numerical scheme via Visual Fortran subroutines. The main subroutine
includes the rate of root water uptake as a moisture flux boundary applied to the four
sides of every element within the root zone. In other words, Equation (3.1),
incorporating Equations (3.2) - (3.4), has been used in the numerical model as boundary
flux to determine the rate of root water uptake within the root zone at each increment of
time. To simulate the effect of 10 m long prefabricated vertical drains with a maximum
possible vacuum preloading pressure of 100kPa, the pore water pressure at PVD
boundaries has been set to -100kPa. In other words, a matric suction equal to 100kPa
has been applied to the vertical drain boundaries.
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The soft soil constitutive model used in this study is an elastoplastic model using
Cam-Clay failure criterion. The elastic behaviour in over consolidated state is modeled
as nonlinear and isotropic employing the following equation;
de el = C s ln(

p 0 + dp
)
dp

(8.1)

where, de el denotes the change of void ratio in the element, C s is the swelling index,
p0 is the initial mean effective stress, and dp is the mean effective stress change on the
soil skeleton.
Utilising the critical state concept based on the theory of plasticity in soil mechanics, a
more sophisticated Cam-Clay model has been introduced to represent the plastic
behaviour of Clay (Schofield and Wroth, 1967). The Cam-Clay model has received
wide acceptance due to its simplicity and accuracy to model soil behaviour in normally
or lightly consolidated state of stress. In this model, the shear strength of the soil is
related to the void ratio. To describe the state of soil during triaxial testing, the
following critical state parameters are defined by:

σ ′ + 2σ 3′
p′ = 1
3

(8.2)

q = σ 1′ − σ 3′

(8.3)

where, p′ is the mean effective stress, q is the deviatoric stress, σ 1′ represents the
effective axial stress, and σ 3′ represents the effective confining stress.
In critical state theory, the virgin compression line (plastic deformation) is
assumed to be straight line in ln p ′ − υ plot with slope − λ . The isotropic virgin
compression line or isotropic normal consolidation line (NCL) is expressed as:

υ = N − λ ln( p ′)

(8.4)
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where, N is the value of υ when p ′ = 1 . The relationship between C c (compression
index) and λ may be expressed as:

λ=

Cc
2.307

(8.5)

The slope of the straight line in q − p ′ plot is called Critical State Line (CSL). The
slope of the critical state line, M , is expressed as:
q = Mp ′

(8.6)

In the υ − ln p ′ plot, if Γ is used to represent the value of υ λ which corresponds to a

ln p ′ = 0 (i.e. Γ = ecs + 1 ), then the equation of the straight line is given by:
Γ −υ

υ = Γ − λ ln p ′ or p ′ = e λ

(8.7)

Hence, critical state line must satisfy both Equations (6) and (7). Combing the CSL
equation into the Mohr circle plot, the relationship between drained angle of friction
( φ ′ ) and M may be given by:
M =

6 sin φ ′
3 − sin φ ′

(8.8)

In this case study, the coefficient of soil permeability ( k ) has been determined based on
Brooks and Corey (1964) formula in conjunction with Kozeny (1927) and Carman
(1938, 1956) semiemprical-semitheoritical formula, as described in Section 4.4. The
soil properties used in this study has been summarised in Table 8.1. Additional tree
specifications and root-soil interaction parameters are the same as those measured and
reported for the Black Box tree in Chapter 5.
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Table 8.1 Parameter values assumed in the finite element analysis of the case study
Parameter

γd

Value

11

Description

kN
m3

Dry Density

λ /(1 + e0 )

0.15

Cam-Clay model parameter

κ /(1 + e0 )

0.03

Cam-Clay model parameter

ϕ′

25 degrees

c′

10 kPa

ν

0.30

ks
w × PI = Passing #200 ×

5 × 10 −10

Drained internal angle of friction
Drained cohesion
Poisson’s ratio

m
s

Saturated Permeability

40

High plasticity clayey soil

1.1

Typical clay soil

Plasticity Index
Initial void ratio ( e0 )

The soil water characteristic curve used in this analysis is based on a relationship
suggested by Zapata et al (2000) for different w × PI , where w is the fraction of soil
passing sieve #200 (75 µm ) as an index between 0 to 1, and PI is the plasticity index
(see Figure 6.9). The osmotic suction effect has been assumed to be negligible.
Finite element analysis was conducted in the geostatic and consolidation stages, similar
to previous case studies. The consolidation stage includes a transient analysis of
partially saturated soil under transpiration.

8.3 RESULTS
Figure 8.2 shows the contours of matric suction generated in the vicinity of the rail track
induced by root water uptake (Figure 8.2a) and vacuum preloading (Figure 8.2b).
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Figure 8.2 Contours of soil matric suction induced by (a) tree root water uptake, and (b) vacuum preloading (100kPa)
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According to Figure 8.2a, the maximum root-based matric suction is 1500kPa which
occurs away from the track centre line as the tree has been planted 16m away from the
railway. As the maximum active root density would occur away from the tree trunk on
both sides of the tree, there are two zones of maximum matric suction on both sides of
the tree. As Figure 8.2b indicates, the maximum soil matric suction induced by vacuum
preloading is only 100kPa, which occurs between two lines of PVDs exactly underneath
the rail track. In both cases, the induced soil matric suction results in the increased
effective stresses and consequently soil consolidation. Figures 8.3 and 8.4 indicate the
settlement contours for the top 5m of the soil layers due to tree transpiration and
vacuum pressure through PVDs, respectively.
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Figure 8.3 Contours of ground settlements in top 5 m of soil layer induced by Black
Box tree transpiration
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Figure 8.4 Contours of ground settlements in top 5 m of soil layer induced by PVDs
with 100kPa Vacuum Pressure

Deformation in the soil profile due to the root water uptake and vacuum pressure were
predicted through a coupled flow-deformation analysis. As Figures 8.3 and 8.4
illustrate, the maximum induced settlements by root water uptake and PVDs with
vacuum preloading are almost the same. However, the application of PVDs with
vacuum preloading can induce more consolidation settlement directly underneath the
rail track in comparison to a row of trees 16m away. In spite of the fact that PVDs
provide only 100kPa suction, they generate more consolidation settlement than the
trees, which generate 1500kPa. The main reason for this is that PVDs generate suction
all along the drain length, but trees provide a very high suction (1500kPa) in the root
zone and mainly around the point of maximum root length density. Clearly, if trees
would be planted in a much closer distance to the rail track (e.g. 2-5m), the soil would
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consolidate more, but the actual roots would damage the soil formation and the railway
ballast. However, as the tree root zone extends more in horizontal direction in contrary
to PVDs, the influence zone of trees extends more horizontally compared to PVDs.
Comparison between Figures 8.3 and 8.4 shows that the vacuum induced ground
surface settlement at the track centre line, which is 946mm, is 39% more than the
transpiration induced surface settlement, which is 580mm. It means that in this case,
prefabricated vertical drains with vacuum preloading can stabilise and consolidate the
soil underneath the railway line almost as effectively as planting a row of Black Box
trees 16m away from the track. It should be noted that these comparison results are
related and valid for this case study with the defined initial and boundary values and
assigned soil and tree parameters implemented in the analysis.
As the tree has been in place for decades, the tree root suction-based primary
consolidation has already ceased. In a similar way, the vacuum assisted preloading with
PVDs would be removed when the primary consolidation has ceased (>95%
consolidation). Therefore, both tree roots and PVDs would initially make the soft soil
settle capturing most of primary consolidation. Thus when the train load applies, the soil
will behave as a stiffer soil, which causes much less track settlement. Figure 8.5
indicates the time- settlement curve on the soil surface at the track centre line during the
treatment process prior to and after the application of the train load for different cases
namely (a) track on soft soil without any treatment, (b) track on soft soil stablised
employing planting native vegetation 16m away from the track centre line, and (c) track
on soft soil stabilised with two rows of 10m deep PVDs with 100kPa vacuum
preloading.
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Figure 8.5

Time-Settlement curves during consolidation prior to and after the

application of the train load.
As Figure 8.5 shows, most part of the primary settlement (90% consolidation) for the
PVD case would finish after about 180 days upon 100kPa vacuum pressure application,
and almost after 1 year of continuous transpiration for the case of a well developed tree,
and the train load is applied subsequently. Furthermore, as the soil in the vicinity of the
existing trees has gone through the primary consolidation as well, the soil underneath
and in the vicinity of the rail track is already compressed.
As shown in Figure 8.5, a surface settlement of 581mm attributed to train load
of the untreated soft soil after 1000 days can be reduced to just 160mm by planting trees
along the railway line; or it can be reduced to 60mm by ground consolidation using
PVDs and 100kPa vacuum pressure.

212

Referring to Figures 8.5, the existing trees in the rail corridors can curtail the
soft ground movements induced by the train load. Furthermore, application of PVDs
with vacuum preloading (100kPa) consolidates the soft soil formation, and consequently
curtails the train-based ground displacement too.
An increase in the average shear strength can be determined by the Stress
History and Normalised Soil Engineering Properties method, SHANSEP, (Ladd and
Foott, 1974). An increase in the undrained shear strength can be estimated as follows:
 su

 σ v′0


 s
 =  u
 OC  σ v 0


 OCR n
 NC

(8.9)

Where, su is the undrained shear strength, σ v′0 is the vertical effective stress, OCR is
the overconsolidation ratio, and OC and NC subscripts are standing for over
consolidated and normally consolidated conditions, respectively.
For this case, the following assumptions have been used:
 su

 σ v′0


 = 0.22
 NC

n = 0.8
Considering Equation (9), the shear strength profile of the soil, before treatment, and
after treatment with planting a Black Box tree and prefabricated vertical drains with
vacuum preloading have been illustrated in Figure 8.6.
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Figure 8.6 Soil Undrained Shear Strength under the track Centre Line after Different
Treatments
As Figure 8.6 indicates, both treatments methods (planting Black Box tree and PVD
with vacuum preloading) increase the undrained shear strength of the soil. As the root based suction is high in the top soil layers (within the root zone), Black Box tree
improves the shear strength of top soil layer more than PVDs. In addition, as the tree
root water uptake is a continuous process, but vacuum pressure will be removed after
end of consolidation, the effective stresses and shear strength would be higher in the
case of root water uptake. However, as Figure 8.6 illustrates, after heavy rainfall, soil
looses the matric suction and consequently the effective stresses and the shear strength
decrease. In a similar way, the soil shear strength is higher when the vacuum pump is in
operation at a suction pressure of 100kPa, in comparison to the shear strength after
vacuum preloading.
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8.4 SUMMARY
The action of a single tree on improving the soil behaviour has been compared to a
vertical drain with applied suction (vacuum pressure). It is seen that root water uptake
and associated matric suction is analogous to a prefabricated vertical drain with vacuum
preloading, and the lateral inward displacements simulate the radial consolidation
process of prefabricated vertical drains. If a pattern of trees can be grown systematically
along rail corridors, this may offer an inexpensive and more environmentally attractive
solution to vertical drains in the long-term. However, it should be explained that trees
need time to grow and reach to an acceptable performance situation. Results of this
study demonstrate that railway infrastructure can be improved by identifying and
managing surrounding vegetation – refuting the age-old belief that vegetation is
detrimental to railway tracks.
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