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ABSTRACT

The conventional way of building access roads to wind farms are with gravel roads,
which often requires a great amount of material for the embankment. The access roads
have special requirements due to heavy transports during the mount and demount of
the wind turbine. Modern wind turbines are planned to produce power for
approximately 25 years and thus the roads’ great capacity will only be needed for a
short period of time. The purpose of the thesis is to examine the conditions required to
use temporary plastic mats as access roads to wind farms.

The plastic mats are analysed with hand-calculations and a finite element analysis.
The hand-calculations are based on a Winkler-model and the general bearing capacity
equation that determines the deflection of the mat and the bearing capacity of the soil,
respectively. The finite element analysis is performed in the software PLAXIS 2D to
investigate the behaviour of the mat for different load and soil cases.

The analysis is conducted to study how different parameters affect the results for the
deflection and the bearing capacity. The results show that it is important to determine
the soil properties before using the plastic mats. The parameters of consideration are
the angle of shearing resistance for the non-cohesive soils, the undrained shear
strength for clay, the groundwater level and the effective area of the road mat.

The results show that one of the most sensitive parameter is the effective area and as
long as the whole mat area is active the soil is able to handle the load from the
transportation for all cases presented. Therefore it is important that the connection
system between the mats is able to distribute the load. The calculations in the thesis
are based on one detached mat and the area is therefore limited to 3 times 2.5 meters.
If the mats are connected to each other and the connections distribute the load, the
effective area would be even greater. Thus it is important to further study the
connection system to fully understand the behaviour of the plastic mats when they are
connected.

Keywords: access roads, plastic mats, shear strength, PLAXIS 2D, Winkler-model,
bearing capacity equation, wind farms



Utvérdering av plastmattor som anslutningsvég till vindkraftverk
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SAMMANFATTNING

Det konventionella sdttet att bygga anslutningsvdgar till vindkraftverk &r med
grusvdgar, vilka ofta krdver stora mingder material till végbanken.
Anslutningsvéigarna dimensioneras efter krav pa tunga transporter under montering
och demontering av vindkraftverken Moderna vindkraftverk &r planerade att
producera elektricitet under 25 dr innan de monteras ned., vilket betyder att vigens
barighetskapacitet endast behdvs under en kort tidsperiod. Syftet med rapporten ér att
undersoka de forutsdttningar som krivs for att anvénda tillfdlliga plastmattor som
anslutningsvagar till vindkraftsparker.

Plastmattorna analyseras med hjilp av handberdkningar och en finit elementanalys.
De berdkningar som gors i rapporten baseras pa en Winkler-modell och den allminna
barighetsekvationen for att bestimma nedbdjning respektive bérighet hos plastmattan.
Finita elementanalysen utfors i programvaran PLAXIS 2D for att bestimma beteendet
hos mattan for olika laster och jordar.

Analysen genomfors for att se hur olika parametrar paverkar resultatet for
deformation och birighet. Resultaten visar att det &r viktigt att bestdmma
jordegenskaperna innan plastmattorna kan anvidndas. Parametrarna som studeras &r
friktionsvinkeln for friktionsjordar, den odrénerade skjuvhallfastheten for lera,
paverkan av grundvattennivan och den effektiva arean hos mattan.

Resultaten visar att en av de mest kénsliga parametrarna dr den effektiva arean och sa
linge som hela mattarean dr aktiv kan jorden hantera lasten fran transporten for
samtliga undersokta fall. Darfor dr det av storsta vikt att kopplingen mellan mattorna
har formédga att sprida ut lasten. Berdkningarna i rapporten &r baserade pé en
fristdende matta och arean dr darfor begransad till 3 gdnger 2.5 meter. Om mattorna ér
anslutna till varandra och kopplingarna kan fordela lasten blir den effektiva ytan
storre dn for en enskild matta. Sdledes dr det viktigt att studera kopplingarna vidare
for att fullt forstd hur mattorna agerar som en sammankopplad enhet.

Nyckelord: anslutningsvégar, plastmattor, skjuvhallfasthet, PLAXIS 2D, Winkler-
modell, allmédnna barighetsekvationen, vindkraftverk
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product was chosen. The work started with collecting literature on the subject and
once gathered we searched for models suitable for calculating the behaviour of the
mats. Jorge Yannie was a great support in this search and without him this thesis
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Miljobron that made it possible for us to meet with the company.

Last but not least a special thanks to our supervisor Jan Englund at Chalmers for great
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Goteborg May 2014
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1 Introduction

This thesis started with a company in need of help and two students eager to learn
about road construction to wind farms. Roads to wind farms include both the existing
road and a newly built site road, which goes under the common name “Access roads”.
The conventional site road to a wind farm is made out of gravel, which requires a lot
of material for the embankment. This is particularly the case when the upper soil has a
low bearing capacity and there is a need to excavate several meters to reach better soil
or bedrock. Site roads also impact the landscape and ecosystem depending on the road
design and path chosen. The idea of using temporary roads instead of constructing
conventional gravel roads is to lower the material usage and the cost of the road
construction.

The access road needs to be dimensioned to handle heavy trucks and transportation
vehicles during the construction of the wind farm but once constructed it only requires
a small road for service and maintenance. The lifetime of a wind turbine is expected
to be 25 years and the access roads are normally used by heavy vehicles during the
mount and demount of the windmill. For the most of the time the road is therefore
oversized and the company wants to see if there is an alternative to the conventional
way of constructing roads to reduce both resources and costs. Temporary plastic mats
can be the alternative solution, which will be investigated in this thesis.

1.1  Purpose

The purpose of the study is to examine the conditions needed to use temporary plastic
mats as access roads to wind farms.

To make the purpose clear, several research questions are considered:

Do the plastic mats need a connection system?

Which soil parameters are necessary to investigate before using plastic mats?
How will the mat deflect and distribute the load on different soils?

Is groundwork needed to use plastic mats as access roads?

1.2 Limitations

The specifications for the access road used in the study are from the wind turbine
manufacturer Vestas. Vestas road specifications are used because it is the only public
document available. The specifications from other wind turbine manufactures are
similar and thus the result will not be affected by the use of these specifications.

There are several types of temporary roads on the market that may be used for wind
turbine transports. In this thesis temporary road in the shape of rectangular road mats
made from High Density Polyethylene (HDPE) are studied. The data for the mats are
obtained from the manufactures websites.

The modulus of elasticity has not been found for the MegaDeck mat system so it is
assumed that the modulus is similar to the one for the DuraBase. This assumption is
made due to the fact that these mats are designed with comparable material and that
the structure is similar to each other. This assumption may give an error when
analysing the MegaDeck mat.
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The soil medium is very complex in its nature and the hand-calculations are based on
soil with elastic behaviour. This may not reflect the exact behaviour of the soil but it
will give an approximation that is comparable to the results from the finite element
analysis.

The soil data are general data collected from different literature. For every
construction it is crucial to conduct a geotechnical investigation to determine the
specific data for the site. Therefore the results from the thesis can be seen as
guidelines for different soil properties but proper investigations still need to be
undertaken for every specific site.

Calculations are only performed on the TuffTrak mat. This is due to the fact that it is
the only one available in Sweden and thus it is the only one that can be implemented
by the company at present time. However it is possible to perform the calculations for
the other mat systems based on the theory presented in this report.

The cases chosen in the analysis are calculated as one homogenous layer and thus the
topsoil, which often includes organic soil, is not taken into account. It is difficult to
determine organic soil’s strength properties due to inconsistency of the material.

1.3 Method

The literature review on the subject is the primary source of information for this
study. The data for the literature review are collected from various sources such as;
books, reports, master thesis and websites. Requirements for the access roads to wind
farms and specifications on temporary road mats are used for the calculations in the
case study.

The case study is separated into two parts; one includes hand-calculations of the
bearing capacity and deflection of the mat, while the other part includes a Finite
Element Analysis (FEA). The reason for doing both hand-calculations and a FEA is
because there is a need to compare the two models to validate if the results from the
FEA are reasonable. A homogenous soil layer is used in all cases to be able to
compare the calculations. The FEA will be conducted using the software PLAXIS 2D.
In additional to the cases a multi-layer case is analysed to investigate how the mat
deforms and distribute the stress on very soft topsoil with a dry crust below.

The hand-calculations in the case study are with the Winkler model and the general
bearing capacity equation. The Winkler model is used to determine the deflection of
the mat on different soils while the bearing capacity equation is used to determine if
the soil can handle the pressure from the load. The results from the hand-calculations
are then compared to the results from the analysis in PLAXIS 2D.

The finite element analysis is conducted in the software PLAXIS 2D, which is
specialised for geotechnical engineering. The software can be used to analyse
deformations, stability and stresses in the soil. In PLAXIS 2D it is possible to use
features to analyse the interaction between a structural element and the soil to
determine how the soil and mat behaves when a load is applied.

In the analysis a parametric study is conducted to determine how the soil properties
affect the results. This is made both for the hand and computer calculations. A
comparison between the results is performed to validate the correlation between the
models.
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In Figure 1.1 an overview of the method is presented to make it easier to understand
the working process and how the thesis is conducted.

Literature study

Road specifications
Considered loads
Plastic road mats

Geotechnics

v

Case study
Presentation of cases
Results

7 5

Calculation by hand
Bearing capacity equation
and Winkler model

S

Analysis
Parametric study
Comparison

Computer calculation
PLAXIS 2D

\4

Discussion &
Conclusion

Figure 1.1  Method chart — description of how the thesis is conducted
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2 Access road to wind farms

The access road needs to be dimensioned to handle heavy vehicles and great loads.
During the mount of the wind turbine heavy trucks need access to the site for
transports of wind turbine components. Wind turbine manufacturers have different
requirements for the access road in terms of minimum bearing capacity, curve radius,
maximum inclination and width. Typically the width requirement varies between 3
and 9 meters depending on manufacturer and site conditions (BLM, 2005).

Road specifications from wind turbine manufacturers are generally published as a
classified document. However, guidelines from Vestas 1.8 - 3 MW turbines are public
and therefore used in this thesis (Vestas, 2010).

2.1 Loads

The access road and site road to a wind farm needs to be dimensioned for heavy loads
during the construction of the foundation and later to handle heavy transport vehicles
carrying wind turbine components. In road design, the loads are described as
maximum allowable axle load and number of standard axles.

Axle load is defined as the load that one axle of a vehicle transfers to the road. The
axle load is spread to the road from a single or dual configuration of wheel pairs,
depending on the design of the vehicle. A standard axle load in Sweden is defined as a
single axle carrying a load of 100 kN as seen in Figure 2.1 (Andersson, 2011)

100 kN

Figure 2.1 A standard axle carrying 100 kN with a tire pressure of 800 kPa (Based
on Andersson (2011))

When designing roads it is important to estimate the traffic load that road will
encounter during its technical lifetime. Standard axles are thus used to sum up the
total traffic that the road needs to support. Equation (2.1.1) presents the calculation
procedure for the amount of standard axles, N, when designing roads (Andersson,
2011).

A [ AY
Now = ADT, 365 A* Bjuge * £y (14 15) 2.1.1)

The variables in equation (2.1.1) depends on annual daily traffic in one traffic lane or
direction (ADT), ratio of heavy vehicles (4), justified standard axles per heavy vehicle
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(Bjust), intended period of dimension in year (n), the change of heavy traffic load in
percentage per year (k) and (j) which is a series of number from 1 to n.

The total standard axles on a site road during construction of a wind farm could be
predicted with more precision than a general road. This is because the number of
transports and specific vehicles needed for the construction is known.

In Trafikverket’s report 2010:032, expected transports to windmills during
construction are presented. Windmills with concrete foundation may generate 50 to
100 transports with concrete mixer trucks. The total load and axial pressure of the
concrete trucks are adjusted with the allowable bearing capacity of the access roads,
thus the total amount of concrete transports may differ for identical concrete
foundations. The heaviest and largest transport vehicles are those with wind turbine
and crane parts. As an example Vestas 2.0 MW turbine is split into 10 transport
modules varying in both length and weight, see Table 2.1.

Table 2.1.  Specific transport measures of wind turbine components (Nilsson,
2010).
Model | MW | Turbine part Loaded transport vehicle measure
Length [m] | Width [m] | Height Weight
[m] [ton]

Vestas | 2.0 | Mounting plate | 4.7 4.7 4.0 40
Blade 49 3.4 4.0 40
Nacelle 34 4.3 4.3 125
Rotor 17 3.6 4.2 48
Bottom tower | 48 4.2 4.3 123
section
Middle tower | 50 4.2 4.3 104
section (1)
Middle tower | 30 33 4.2 70
section (2)
Top tower 27 33 4.2 56
section

As seen in Table 2.1, the nacelle is the heaviest transport module and has a total load
of 125 tons. With respect to transportation, the bottom tower section is the most
critical module because of its heavy weight and length (Hau, 2013). The road is thus
designed to meet the heaviest possible total load and axial load. Vestas document on
road specification for 1.8-3.0 MW turbines requires the road to handle a minimum
axle load of 17 tons (Vestas, 2010).
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2.1.1 Tire pressure and contact area

The greatest axle load on a wind turbine transport is normally on the rear axles on the
trailer where dual tires are used to spread the load to the road surface (Nilsson, 2010).
Tandem and tridem axles are normally used on semi-trailers for heavy-duty haul
trucks, however flatbed trailers carrying heavy loads could have several more axles to
spread the load (Huang, 2004).

It is necessary to know the contact area between the tires and the road surface to be
able to assume the area that the axle load will be uniformly distributed over. The
contact pressure of a tire could be seen as a rectangular area with two semicircles at
the edges. The actual area of the tire pressure could be transformed to an equivalent
rectangular area using equation (2.1.2) (Huang, 2004).

Ac

L= |—=—=
0.5227

(2.1.2)
In equation (2.1.2), L is the length of the contact area in the tire’s driving direction
and Ac is the contact area, which can be obtained by dividing the load on the specific
tire by the tire pressure. The suggested equivalent rectangular area has one side with
the length 0.8712L and another side with 0.6L. In Figure 2.2, the actual contact area
and the transformed rectangular area are presented. The problem is that this area could
not be used within layered theory for flexible pavement, because of the area not being
axisymmetric (Huang, 2004).

Actual contact area Equivalent rectangular area
v
o>
0.6L
’4 L b‘ —— 0.8712L ———— P

Figure 2.2 Contact area and equivalent rectangular area from a tire. (Based on
Huang, 2004)

For flexible pavement design it is assumed that the tire has a circular contact area and
to make the analysis easier it is also common to combine the two circle areas for dual
tires as one larger circle.
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Dual tires Equivalent circular area

A
.

0.3L |

-

>
-

0.4L

-

0.3L

0.6L

A

Figure 2.3 Dual tires’ contact area transformed to a circle with radius a. (Based
on Huang, 2004)

Figure 2.3 above illustrates how dual tires’ contact area could be interpreted as one

large circle. The circle’s total contact area contains the tires’ areas plus the area

between the duals. It has been shown that one larger circle gives a more approximate

result in calculations than two separate circles (Huang, 2004).
Pg

~4=m(0.3L)? + (04L)(0.61) = 0.5227L* => L =

Pq
0.5227q

2.1.3)

Equation (2.1.3) describes the area of one tire where Py is the load on the tire and q is
the contact pressure, equal to the tire pressure. The area of an equivalent circle can be
calculated using equation (2.1.4).

ma? = 2x0.522712 + (S, — 0.6L)L (2.1.4)

When inserting L from equation (2.1.3) in (2.1.4), it yields the total area of an
equivalent circle.

ma? = 28210 4 ¢ / Pa (2.1.5)
q 0.5227q
where

Py Load on tire [N]

q Contact pressure, Tire pressure [Pa]
Sdq Distance between tires in dual configuration [m]
ma’®  Area of the circle [m’]

2.2 Geometric design

Existing roads and site roads must fulfil specific geometric requirements to be able to
transport wind turbine parts to the site. The elements to consider in the geometric
design are the horizontal alignment, vertical alignment and cross-section (Robinson,
2004).
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Access and site roads have specific radius requirements for horizontal curves due to
great length of transport vehicles. The transports could be up to 50 meters (see Table
2.1), which requires the horizontal bends to have a sufficient radius to be able to make
the turns. The intersection from a public road to a site road needs to be modified for
long transport vehicles. If the connection is 90 degrees to the public road an inner
radius of 43 meters is recommended (Vestas, 2010).

The vertical alignments of the road consider the longitudinal radii and gradient
required for transports to the wind farm (Robinson, 2004). The longitudinal radii for
both convex and concave curves must be more than 200 meters for Vestas 1.8 — 3.0
MW turbines (Vestas, 2010). In Figure 2.4 the longitudinal radius is presented for
convex and concave vertical curves. The limitation of the radius is for safety reasons
due to the fact that smaller radius may risk the transportation of the wind turbine
components (Vestas, 2010).

w00z < snipey

Subgrade

" w00z < snipey

Figure 2.4 The longitudinal radii for convex and concave curves (Based on
Vestas, 2010)

The longitudinal gradient is a measurement for the inclination of the road. The
inclination is usually presented as percentage or as 1: n (Andersson, 2000). Equation
(2.2.1) and Figure 2.5 presents the relation between the inclination and the angle.

i=tangp = 1:n (2.2.1)

n
Figure 2.5  The relation between the angle and the inclination

The longitudinal gradient of the road should not exceed 8 degrees for the
transportation of the windmill component. The lateral gradient must be a maximum of
2 degrees, see Figure 2.6 (Vestas, 2010). The restriction for both the lateral and the
longitudinal gradient is due to the fact that steeper inclinations will danger the
transportation of the wind turbine parts.
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20

Figure 2.6.  Cross section of a road with later gradient of 2 degrees

As mentioned before it is important that the lateral gradient of the road is not too steep
but an inclination is necessary for the water runoff. Without an inclination the water
will gathered on the surface causing abrasion on the road (Robinson, 2004).

2.3 Gravel road structure

Gravel roads are the conventional solution for access roads to wind farms. The road
needs to be dimensioned for axial loads up to 17 tons (Vestas, 2010). A typical cross
section is presented in Figure 2.7.

The road structure aims to support the traffic and transmit the load to the soil below.
The structure reduces the stress to the point where the soil can bear the load.
Consequently it is the subgrade properties that determine the required thickness of the
road structure (Robinson, 2004).

Unbound base layer, 15 to 25 cm

Sub-base compacted gravel, 15 to 30 cm

I Subgrade compacted, 30 to 100 cm

Geomembrane as separation layer Subgrade

Figure 2.7 Cross section of a gravel road (Based on Robinson, 2004)

The material used for gravel roads needs to have requirements in terms of bearing
capacity and moisture retention properties. A gravel road is constructed in several
layers; subgrade, sub-base and unbounded base layer (Robinson, 2004). The road is
constructed with a crowned driving surface to prevent water to accumulate on the road
surface (VTI, 2014). The subgrade consists of the underlying soil and if necessary fill-
material transported to the site. The subgrade is acting as a foundation for the road
and therefore a geotechnical investigation is required before constructing the road to
determine the bearing capacity of the soil (Robinson, 2004). The sub-base layer
distributes the load and is operating as a separation layer between the subgrade and
the base. It is also common to use a geomembrane under the sub-base as a separation
layer to avoid material erosion. The sub-base is usually constructed with natural
gravel and works as a platform during the construction of the upper layers. The
unbounded base layer is where the main load spreading occurs (Robinson, 2004).

The chosen inclination on slopes of the embankment depends on soil properties,
topography and the importance of the road. Robinson states that most soil types are
stable at slopes of 1:1.5. The earthwork will decrease with steep slopes but the risk of
erosion increases due to higher water velocity (Robinson, 2004). Thus it is important
to consider the cost of earthwork versus the cost of future maintenance. VTI suggest
that the slope inclination should be 1:1.5 on the outer embankment and 1:3 on the
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inner embankment. The ditch provides drainage for the road and a functional drainage
with a proper cross fall are important for the road to function correctly (VTI, 2014).

According to Vestas road specifications, the road needs to be constructed so that the
maximum irregularities on the surface do not exceed 150 mm on a length of 30
meters. Vestas further states that the site road should have a California Bearing Ratio
(CBR) of more than 60 % to be able to withstand the loads (Vestas, 2010). CBR is
further described in chapter 4.3
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3 Temporary roads

Temporary road is a term including many types of solutions for accessing
construction sites. Steel, aluminium, wood and plastic are just a few of the materials
that are being used around the world. Temporary roads are used in many industries
such as; oil and gas, building and construction and the forest industry to get access to
rural areas.

3.1 Plastic mats

Road mats made of plastics are a fairly new product on the market. Thus, there have
not been many independent studies conducted on the mats and most of the data in this
chapter has been collected from the manufactures websites. There are mainly three
plastic road mats on the market for heavy-duty vehicles; TuffTrak, MegaDeck and
Dura-Base.

3.1.1 TuffTrak

TuffTrak heavy-duty road mat is made from High Density (HD) or Ultra High
Molecular Weight (UHMW) polyethylene. TuffTrak has the dimensions of 3 times
2.5 meters and a solid design with a core thickness of 38mm. Due to the solid design
of the TuffTrak the risk of cross contamination is minimized. The mat weighs 290 kg,
which enables less transportation, compared to conventional steel plates. Zigma
ground solutions Ltd is the company behind the product and according to them the
mat can support loads up to 150 tonnes (Zigma ground solutions, 2014).

Figure 3.1  TuffTrak road mat (Zigma ground solution, 2014)

The TuffTrak has a dual grip design with a chevron traction surface on one side and a
low profile traction surface on the other. The chevron traction surface is designed with
broken pattern of rugged nubs, which improves the grip for heavy vehicles. The
chevron surface shall therefore be used for the heavy-duty transportation while the
low profile side is more suitable for example storage areas. (Zigma ground solutions
2014)
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There are two different types of connections used for the TuffTrak mat system, the
metal connector and Orange Hi Viz Flex connector. The metal connector should be
used for most conditions and vehicles while the Orange Hi Viz Flex connector should
be used where the ground is highly uneven.

The Young's modulus of elasticity is 900 MPa for the TuffTrak and the Poisson’s
ratio is 0.35 (Zigma ground solutions, 2014).

3.1.2 Dura-Base

The Dura-Base composite mat is made from High Density (HD) polyethylene. The
mat is in total 2.44 times 4.27 meters including the interlocking edges and the
thickness is 10.8 centimetres. However the useable area without the overlapping edges
is 3.96 times 2.13 m. The Dura-Base weighs 454 kg but the weight may increase to
about 700 kg if water enters the mat (Maybehire, 2007). The interlocking system with
the overlaying edges allows the mats to distribute the load over a large surface area to
the ground.

o

Figure 3.2.  Dura-base road mat (Newpark Resources, 2014)

The interlocking system of the Dura-Base has sixteen slots per mat, which allows a
variety of different configurations. The number of locking pins required depends on
the soil conditions at the site and hence the number of locking pins should be
increased when the bearing capacity of the soil decreases. The load capacity according
to the company Newpark Resources Inc. is 40 kg/cm®, which corresponds to around
3920 kPa (Newpark Resources, 2014).

The preparation needed for the site is minimal to none but the site needs to be
relatively flat. The mat system could handle 150-200 mm variation over 1.2 m but it is
important that there are no sharp objects under the mat that may cause locally mat
crush. To eliminate the risk of damage on the mat a sub-base layer of ballast may be
required (Maybehire, 2007). According to Gonzalez (2010), the modulus of elasticity
and the Poisson’s ratio are 462 MPa and 0.3, respectively.
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3.1.3 MegaDeck

The MegaDeck composite mat is made from High Density (HD) polyethylene and the
size is 4.27 times 2.28 meters with a thickness of 10.8 centimetres. Due to the
overlapping edges, the usable area is 3.96 times 1.81 meters. The mat is designed with
an interior ribbed structure and the total weight of the mat is 476 kg (Megadeck,
2014). MegaDeck mats have interlocking edges on both sides, which allow the mats
to be easily connected to other panels. The connecting system consists of aluminium
pins and is inserted in the holes in the overlapping edges, which provide strength and
rigidity at the joints. According to the company’s website the MegaDeck can handle
compressive loads up to 600 psi, corresponding to around 4100 kPa, over ideal soil
conditions. The MegaDeck mats are designed with an anti-slip traction pattern, which
gives traction to all form of vehicles (Megadeck, 2014).

Figure 3.3 MegaDeck road mat (Megadeck, 2014)

According to a Finite element analysis conducted of the company Signature Fencing
& Flooring the MegaDeck can support loads up to 178 kN in soil conditions
corresponding to soft clay (CBR 2) (Harry, 2010). The modulus of elasticity is as can
be seen in the limitations assumed to be the same as the one for the Dura-Base, 462
MPa. The Poisson’s ratio of the MegaDeck mat system is 0.3.

3.1.4 Plastic mat properties
The mats properties and measures have been summarised in Table 3.1.

Table 3.1 Properties of different plastic road mats on the market

Dimensions [m] | Weight [kg] Elasticity Poisson's

(Usable area) [MPa] ratio [-]
TuffTrak 3x2.5x0.038 290 900 0.35
Dura-Base 4x2.1x0.108 454 462 0.3
MegaDeck 4x1.8x0.108 476 462 0.3
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4 Geotechnical design

For civil engineering works, such as roads and buildings, it is important to determine
the ground conditions beneath the structure. This is important because the soil needs
to support the expected loads from the structure above to avoid collapse, settlements
and other failures. The part of the structure that transmits the load directly to the
underlying soil is called a foundation, thus a road could be defined as a foundation.
The process where the applied load on foundations transfers to the ground is called
soil-structure interaction (Craig, 2012). The soil together with the foundation seen as
one rigid body is called geostructure.

Different design codes are developed to ensure that the design of the structure is made
in the correct manner. The structure is often designed to meet two principal
performance requirements, called Ultimate limit states (ULS) and Serviceability limit
states (SLS) (Craig, 2012). ULS ensure that the foundations capacity or resistance is
sufficient to support the loads applied and SLS to avoid excessive deformation, which
might lead to function loss or damaging of the structure. In Sweden the Swedish
Standard Institute, SIS, has developed a standard for geotechnical design called SS-
EN1997 Eurocode 7. This code mentions several types of failures that one need to
take into account when designing structures on ground. The Ultimate limit states
(ULS) in Eurocode 7 are the following (SIS, 2008):

* Overall equilibrium in the geostructure (EQU)

* Internal failure or excessive deformation of the structure (STR)

* Failure or excessive deformation of the ground (GEO)

* Loss of equilibrium of the geostructure due to uplift by water pressure (UPL)
* Hydraulic heave or internal erosion caused by hydraulic gradients (HYD)

Eurocode 7 is also recommending safety factors for soil parameters and bearing
capacity.

4.1 Soil properties

The most common soil in Sweden is till and it covers 75% of the land area. The till
consists of different fraction with everything between clay and boulders (Nilsson,
2003). Glaciofluvial deposits, fine-grained sediment and peat lands cover 15% and the
last 10% is exposed bedrock and soil with less depth than half a meter over bedrock.

Soils can be divided into three different main categories; non-cohesive, cohesive and
organic soils. Non-cohesive soil, also called coarse-grained soils, varies in size from
boulders to fine sand and is typically stable and well suited as foundations (Kendrick
et al 2004). Cohesive soils include different type of clays, marls and silts. These soils
are more liable to deform and plasticise under loads compared to non-cohesive soils.
Cohesive soils are also likely to deform due to frost actions or change in moisture
content. Organic soils are soils with high organic content such as topsoil and peat. The
deformations under loading are generally great on these soils (Kendrick et al, 2004).

Soil is a complex medium that behaves neither elastic nor plastic. In spite of this the
elasticity theory has been shown to give good estimations on deformations when
compared to measured values (Larsson, 2008).
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Soil matters have different properties that vary with the material and how it is
arranged in the ground. Soil material can be defined as a three-phase material that
consists of solids, water and void space. A phase diagram that views the relation
between solids, water and air is seen in Figure 4.1 below. The solids, for example
grains or particles, form a soil-skeleton that supports the own weight and also
distributes loads through the soil (Sillfors, 2009).

Volume
b
Va Air
-
Vw Water
v
[
Vs Solids

Figure 4.1  Phase diagram of soil (Based on Craig, 2012)

4.1.1 Soil unit weight

Soil has different density depending on the water content, solids and voids. The unit
weight (y) of the soil is the density multiplied with gravity, which is usually expressed
in kN/m”’. The general formula is described below in equation (4.1.1). (Craig, 2012)
M
y=,9=rg (4.1.1)

A more detailed formula that illustrates how the water content, voids and solids affect
the unit weight is described in equation (4.1.2).

(5—;)+Sre

1+e

Y= Yw (4.1.2)
where

Ps density of solids [kg/m"’]

Pw density of water [kg/m’]

S, degree of saturation, the ratio between water and void space [-]

e void ratio, volume of voids to the volume of solids [-]

Yw unit weight of water [kN/m’]

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:51 15



In Table 4.1 below typical values for different soil materials are shown. It is always
preferable to determine the unit weigh of a specific soil through soil investigations at
the site (Bergdahl, 1993), but when data is missing low approximate values could be
used.

Table 4.1 Typical unit weights of soils (Based on Larsson, 2008)

Soils unit weight | Saturated soil Effective unit weight Naturally
[KN/m’] under groundwater moisturised
level soil

Vsat Y Vi
Crushed rock 21 11 18
Macadam 21 11 18
Gravel 22 12 19
Gravel Till 23 13 20
Sand 20 10 18
Sandy Till 22 12 20
Silt 19 9 17
Silt Till 21 11 20
Clay 17 7 17
Clayey Till 22 12 22
Gyttja 14 4 14
Peat 11-13 1-3 11-13

4.1.2 Shear strength

Mohr-Coulomb model is often used to define shear strength at different effective
stresses in soils. This model will not be derived, only the basics needed to understand
that soils have different properties. Shear strength is easiest described as the
maximum shear stress the soil can sustain before failure. The shearing resistance is
developed mechanically due to inter-particle contact forces and friction.
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Figure 4.2 Mohr-Coulomb failure envelope (Craig, 2012)

Figure 4.2 and Equation (4.1.3) present the Mohr-Coulomb’s failure envelope, which
is an approximation of the shear strength depending on the cohesion intercept, c’, the
angle of shearing resistance, ¢ and the effective stress, ¢’ (Craig, 2012). For
undrained cohesive soil conditions the Mohr-Coulomb’s failure envelope above is
instead a straight horizontal line, because the absence of the angle of shearing
resistance.

T =c +o'tang’ (4.1.3)
where
T¢ shear strength [Pa]
o’ effective shear stress [Pa]
c’ cohesion [Pa]
(0} angle of shearing resistance [°]

Cohesion can be defined as the independent strength to resist a force trying to deform
or hold the solid together. In Figure 4.2 the cohesion is where the shear strength
intersects with the y-axis showing the independences of an increased shear stress. This
strength is due to negative pore pressure in the void spaces and cementation of soil
particles (Craig, 2012). When a cohesive soil is loaded the pore pressure initially
carries the stresses, successively as water drains from void spaces the soil change state
from undrained to drained. Over time the soil will lose almost all of its cohesion and
the soil skeleton will carry the stresses instead. This leads to decreases in volume and
is called consolidation and results in settlements (Sallfors, 2009).

Angle of shearing resistance is the angle that the shear strength increases due to
stresses. The soil’s cohesion and angle of shearing resistance are normally determined
through specific geotechnical investigations (Sallfors, 2009), but approximate values
for the angle of shearing resistance are detailed in table 4.2.
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Table 4.2 Typical angle of shearing resistance for soils based on geotechnical
data (Sdllfors, 2009).

Degree of | Silt | Sand | Gravel | Sandy Gravelly | Macadam | Crushed
compaction Till Till rock
Low 26° | 28° |30° 42° 38° 30° 40°
High 33° | 35° |37° 45° 45° 38° 45°

The shear strength for undrained cohesive soil is independent of the angle of shearing
resistance and different values are presented in Table 4.3 below (Sillfors, 2009).
Clayey soils have often developed a dry crust near the surface with higher shear
strength than the layers below. The thickness of the dry crust can vary from less than a
meter to several meters.

Table 4.3 Undrained shear strength of cohesive soils (Larsson, 2008)

Strength Undrained shear strength, c, [kPa]
Extremely low <10

Very low 10-20

Low 20-40

Medium 40-75

High 75-150

Very high 150-300

Extremely high >300

According to Sillfors the cohesion for drained cohesive soils can be assumed to be 10

percentage of the undrained shear strength, c, and the angle of shearing resistance 30°
(Séllfors, 2009).

4.1.3 Elastic modulus and Poisson’s ratio of different soils

Soil is a complex medium that behaves neither elastic nor plastic. In spite of this the
elasticity theory has been shown to give good estimations on deformations when
compared to measured values (Larsson, 2008). Typical modulus of elasticity for
different soils is presented in Table 4.4 (Subramanian, 2010).
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Table 4.4 Modulus of elasticity for different soils (Subramanian, 2010)

Soil Type Modulus of Elasticity, E [MPa]
Till Loose 10-153
Dense 144-720
Very dense 478-1440
Clay Very soft 2-15
Soft 5-25
Medium 15-50
Hard 50-100
Sandy 25-250
Sand Silty 7-21
Loose 10-24
Dense 48-81
Sand and gravel Loose 48-148
Dense 96-192
Shale - 144-14400
Silt - 2-20

The elastic modulus of the soil is used in different models to calculate the deflection
and stresses of the soil. The elastic modulus can be determined by performing
geotechnical investigations (Sillfors, 2009).

Poisson’s ratio is defined as the ratio between the lateral strain and the longitudinal
strain, when the applied stress is uniaxial (Bowles, 1977). The Poisson’s ratio differs
for every soil, for approximate values see Table 4.5.
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Table 4.5 Typical values for Poisson’s ratio (Bowles, 1977).

Type of soil Poisson’s ratio
Clay, saturated 0.4-0.5

Clay, unsaturated 0.1-0.3

Sandy clay 0.2-0.3

Silt 0.3-0.35

Sand (Dense) 0.2-0.4

Sand (Coarse) 0.15

Sand (Fine grained) 0.25

Rock 0.1-0.4

4.2  Bearing capacity

Soils have different properties to support loads and one common measure to describe
this is to determine their bearing capacity (qr), which is defined as the pressure that
causes shear failure under, and adjacent to a foundation (Craig, 2012). The general
bearing capacity equations is an Ultimate Limit State calculation and could be used
for example foundations and plates.

4.2.1 General bearing capacity equation

The bearing capacity of a soil could be estimated with the general bearing capacity
equation described by Terzaghi. To be able to calculate the bearing capacity one must
know the angle of shearing resistance for the soil (¢), the soil average unit weight (y)
and the cohesion (c). These parameters could be determined by in-situ tests or in
laboratories. The equation depends on three different terms each contributing to the
total bearing capacity (Terzaghi, 1967).

dr =qc tqq tqy

The first term (1) depends on the cohesion and friction of a weightless material
carrying no surcharge load.

(1) gc = cNc
The second term (2) depends on the friction of a weightless material with a surcharge
load ¢ on the ground surface. The load ¢ could also be described as the weight of the
soil (y) and the depth (D) above the footing. If the footing is placed on the ground
surface with no surcharge load this term can be neglected.

(2) qq =VYDsNg = o4N,
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The third term (3) describes the friction of a material with a weight and carrying no
surcharge. The variable B depends on the width of the footing and with this form it is
assumed that the footing is continues.

1
(3) qy = EVBN]/

These terms together describe the general bearing capacity of a soil, which can be
expressed as

qr = cN. + 04Ny +5YBN, (4.2.1)
where
Ny bearing capacity factor depending on surcharge load
N, bearing capacity factor depending on the cohesion
N, bearing capacity factor depending on weight of the soil under the footing

There are several different equations for the bearing capacity factors to choose from,
which all gives similar values. The bearing capacity factor Ny, N¢, N, based on the
angle of shearing resistance is calculated with the following equations (Craig, 2012).

_ 1+sing’ t ’
Ng=5mgre ¢ (4.2.2)
N, = Zl"n_(pll when ¢’ > 0 and w + 2 when ¢’ = 0 4.2.3)
N, = 2(N, — 1)tang’ (4.2.4)

Equation (4.2.1) is valid when the following assumptions are made (Séllfors, 2009):

* The width (B) of the foundation is constant

* The foundation is considered as elongated

* The foundation is placed on a horizontal surface

* The foundation has a surcharge load

* The weight of the soil is y

* The soil is considered as homogenous with the constant parameters ¢ and ¢
* The load is vertical and centric of the foundation

Several correction factors are empirically developed for other cases than the assumed
conditions in the list above. These factors are multiplied to each term in the equation
and depend on the shape of the foundation, depth of the foundation, inclined load and
surface, eccentrically load and the impact of ground water level (Sallfors 2009). With
the correction factors added the bearing capacity equation gets the following
appearance

: . 1, :
qf = cN¢scdcicge + YD Ngsqdgiggq + 4 BesNys,d, i, g, (4.2.5)
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where

qr the bearing capacity of the foundation/plate [Pa]

C the cohesion of the soil [Pa]

Ber the effective width depending on eccentricity [m]

Oq the surcharge load at surface level [Pa]

Y the effective unit weight of the soil [kg/m’]

Ne,Ng, Ny bearing capacity factors [-]

ScySq»Sy correction factor depending on the shape of foundation [-]
dc,dg,dy correction factor depending on the foundation depth [-]
1c,1g, 1y correction factor depending on inclined load [-]

8e, 24,y correction factor depending on inclined ground surface [-]

If the load is applied outside the geometric centre, the resultant of the ground pressure
changes and thus the effective width (Bf) and length (L.r) should be used (Bergdahl et
al, 1993). The effective width and length and the resulting area are calculated with

Bef =B — 283
Lep =1L —2e (4.2.6)
Aef = BefLef

Where ep and e is the distance from the geometric centre as seen in Figure 4.3.

Load

Figure 4.3 The effective width and length of a plate with an eccentric load applied.
(Inspired from Bergdahl et al, 1993)

The shape factors s,s,s, depend on the shape of the foundation and the angle of
shearing resistance in the soil. The shape factors have been developed from accurate
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limit analyses (Craig, 2012). It is recommended in Eurocode 7 to use the following
expression for the shape factors (where B<L)

sq=1+ %simp’ 4.2.7)
s, =1+ o.zg (4.2.8)
s, =1— o.3§ (4.2.9)

where
B width of the foundation [m]
L length of the foundation [m]

o’ angle of shearing resistance [°]

The effective weight of the soil is calculated using equation (4.2.10). The effective
weight under a shallow foundation depends on were the groundwater level is. If the
groundwater level rests deeper than the width of the foundation the effective weight is
assumed to be the average soil unit weight (Séllfors 2009).

y=v + %g Xy —v) (4.2.10)
where
y effective unit weight of the soil [kN/m’]
Y effective unit weight of the soil under groundwater level [kN/m’]
h, depth of the groundwater under the foundation [m]
B width of the foundation [m]

4.3 California Bearing Ratio (CBR)

The California Bearing ratio (CBR) has been used since the 1930s to determine the
supporting characteristics of soils. CBR is a test method to determine the bearing
capacity of the material in the subgrade, sub-base and base layer. CBR is a load test
applied on the surface of the soil and is used to determine the pavement design
(Mannering et al, 2005). The CBR-value is defined as the load required penetrating
the investigated soil compared with a standard soil consisting of well-graded crusted
stone. The ratio between these loads is the CBR and it is expressed as a percentage.
For example CBR 20 means that it requires 20 percentage of the load compared to the
standard material to penetrate the test soil (Mannering et al, 2005).

The standard CBR test is normally conducted on disturbed samples in laboratories but
tests can also be performed on undisturbed samples and in-situ (Wright, 2004). The
standard equation is presented below (Wright, 2004).

unit load at 2.54 cm penetration

CBR % =

x100 (4.3.1)

unit load required to penetrate the standard

The standard CBR test compares the required load to penetrate 2.54 cm (1 inch) of the
soil sample with the reference load, usually 1000 Ib/in* (6900 kPa) to penetrate a
standard soil sample of crushed rock. (Wright 2004)
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According to Mannering et al (2005) there is a relationship between the California
bearing ratio and the modulus of subgrade reaction, k). The modulus £ is assumed to
be constant under the road structure. The relationship between CBR and the subgrade
modulus is presented in Table 4.6 below (Mannering et al, 2005).

Table 4.6 Relationship between CBR and subgrade modulus, k) (Mannering et al,

2005)
CBR Soil type Subgrade modulus, ko [MN/m*/m]
2 Organic soil 27.145
10 Clay 54.289
25 Sand 78.720
50 Crushed stone- Low 135.724
100 Crushed stone- High 217.158

4.4  Winkler model

The Winkler model is used to analyse the deflection of temporary road mats with an
imposed load on different soil types. The theory in this section is derived for beams
on a Winkler foundation in two dimensions. The plastic mats described in chapter 3
are assumed to behave like beams in two dimensions and thus this theory is
applicable.

The Winkler model is a simple analytical model of an elastic foundation. The model
states that if a deflection w is imposed on the foundation, it resists pressure
corresponding to kow, where ky is the foundation modulus. In the Winkler model the
soil is seen as a foundation that consists of infinite number of springs with a
foundation modulus ko (Cook, 1999). With this model the soil is assumed to behave
linear elastic, as seen in Figure 4.4, which is not completely correct but it gives an
adequate estimation of the soil’s behaviour compared to measured values (Larsson,
2008).

P U S—
 E——

Figure 4.4  Load applied on a Winkler foundation (Based on Cook, 1999)
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It is convenient to use a modulus k instead of ky for calculation of structures with a
width b in contact with the ground (Cook, 1999).

p = kw = kybw 4.4.1)
where
p pressure [N/m?]
ko foundation modulus [N/m?/m]
b width of beam in contact with ground [m]
k foundation modulus [N/m/m]

Beam theory on Winkler foundation gives the following equilibrium equations
depending on the vertical forces and the resulting moment (Cook, 1999). The
relationship between a beam’s vertical load and moment on a Winkler foundation is
derived from Figure 4.5.

av dMm d’m
Ez—q+kw,E=V—>ﬁ=kw—q (442)
M=—EI%Y 443
= e, (4.4.3)

q

rrvrvyy ,

A *

kw
w(x)

Figure 4.5  Beam with a load q on a Winkler foundation (Cook, 1999)

By combing the equations above it results in the governing solution for a beam on
Winkler foundation.
d*w

dx*

EIl

+hkw=q (4.4.4)

From equation (4.4.4) an expression for the deflection can be derived, seen in
equation (4.4.6). For the fully derived equation see Advanced mechanics of materials
(Cook, 1999). To make the function of the deflection contain fewer constants a
parameter beta is introduced

1

p=(=) (4.4.5)
where
E modulus of elasticity [N/m?’]
I moment of inertia [m*]
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The moment of inertia is calculated as follows

[ = b:;ﬁ (4.4.6)
where
h thickness of the beam [m]
b width of the cross-section [m]

According to Cook the equation for deflection can be written as

w(x) = ef*(Cysinfx + CycosPx) + e P*(Cysinfx + Cycosfx)  (4.4.7)
Four different functions are introduced to make the calculation more convenient.

Ap, = e P*(cosPx + sinPx), Bg, = e F*sinpx

Cpx = e~P*(cosPx — sinfx), Dg, = e P*cospx (4.4.8)

These equations can be used to calculate different loading cases for beams on a
Winkler foundation. For most cases it is a good approximation to calculate the
deflection using an infinite beam with a concentrated load (Cook 1999).

4.4.1 Infinite beam with concentrated load

For a finite beam where BL>3, the theory for infinite beams can be used according to
Cook.

Figure 4.6  Concentrated load on infinite beam and corresponding deflection w.
(Cook, 1999)

On an infinite beam where x is the distance from the load, w(x) must approach zero
when x goes to infinity. Then the constants C1 and C2 from equation (4.4.7) must be
equal to zero as well. What remains in the governing equation is then

W(x) S C3Bﬁx + C4Dﬁx (4.4.9)
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To determine the constants C3 and C4 it is necessary to use theory from semi-infinite
beams with concentrated end loads. The derived equations for the constants can be
seen in Advanced mechanics of materials. Finally, this results in the following
equation for the deflection (Cook, 1999).

w(x) = %Aﬁx (4.4.10)
where
w(X) Deflection at distance x from the load [m]
Py Centric concentrated load on beam [N]
B Beta-factor, see equation (4.4.5) [m™']
k foundation modulus [N/m/m]
Apyx Function depending on § and x, see equation (4.4.8) [-]

The deflection for a beam on a Winkler foundation can be calculated with equation
(4.4.10)
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5 Description of computer software

PLAXIS 2D is a finite element software used for geotechnical analysis’ in two
dimensions such as deformation and stability calculations of geostructures. Bearing
capacity, deflection of plates and settlements is possible to calculate with the
software, thus it is used in this thesis as a complement to the calculation made by hand
(Plaxis, 2014).

The software is divided into three different programs; input, calculation and output. In
the input program the model of the considered scenario and its geometry can be built
with different tools such as geometric lines, structural elements and loads. This is
modelled in two dimensions, where x is the horizontal direction and y is the depth. In
the input program it is possible to specify the properties of the soil layer, structural
elements and loads (Plaxis, 2014).

In the calculation program the input model can be analysed with different aspects and
the results of the analysis are shown in the output program. The results that are
presented in the output program can be modified to view deformations, stresses and
also to create charts.

It is possible to model in two different ways in PLAXIS 2D; plain strain model or
axisymmetric model. The plain strain model is ideal to use for continuous structures
with uniform cross section in the out of the plane direction, as seen in Figure 5.1
below.

Plain strain model in PLAXIS 2D

v

| Element

Soil

v

Figure 5.1 A plain strain model in PLAXIS 2D.
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The axisymmetric model assumes a structure that is rotated around the y-axis with a
constant radial cross section. This model is a good estimation to use for circular
footings and when loads are acting parallel to the symmetry line. The coordinates
along the x-axis represent the radius and y-axis the symmetry line. Figure 5.2
illustrates how the real circular model in 3D is modelled in PLAXIS 2D using an
axisymmetric model (Plaxis, 2014).

Axisymmetric model in PLAXIS 2D

Rotation of model around y-axis

Soil

v

Figure 5.2 An axisymmetric model in PLAXIS 2D

PLAXIS 2D also has a function to automatically generate a mesh for the model. This
mesh is in form of unstructured triangular finite elements and is necessary to be able
to calculate. The mesh will automatically be finer closer to the structure and the loads
to make the calculations more accurate. There are two types of elements available in
PLAXIS 2D; a quadratic six-node and a fourth order polynomial element with 15
nodes (Plaxis, 2014).

PLAXIS 2D has several soil models available for the user to use in the modelling. The
Mohr-Coulomb model is one of the models, which assumes the soil to be linear elastic
perfectly plastic. The model involves five input parameters that the user can modity;

E modulus of elasticity
v Poisson’s ratio
(0] angle of shearing resistance

c,sy  soil plasticity, cohesion or undrained shear strength

1} angle of dilatancy
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6 Case study

In the case study the road mats’ behaviour for different soils and loading positions is
investigated. The theory presented in earlier chapters is applied on the TuffTrak road
mat. The bearing capacity is calculated with the general bearing capacity equation to
determine the allowable bearing pressure from the mat. The deflection of the mat on
different soils is analysed with the Winkler model. The Winkler model presents the
instantaneous deflection that occurs when a tire load is applied at the centre of the
mat. Finally the cases are analysed in PLAXIS 2D to determine the performance of
the mat, which includes both bearing capacity and deflection. The results from the
PLAXIS 2D are compared to the hand-calculations to see if the models are correlated.

6.1 Description of cases

Three cases are chosen to represent common ground conditions in Sweden. The cases
are seen in Figure 6.1 with respective values in Table 6.1. Strength parameters in the
soil vary from site to site, consequently it is difficult to analyse all possible
conditions. Thus typical values are chosen to be able to estimate feasible scenarios of
deflection and failure of the temporary road.

N

Figure 6.1  The three cases of consideration in the case study.

Table 6.1. Chosen values for the different cases

Description Parameter Sandy Clay, Sand
Till undrained

Angle of shearing resistance o' [°] 42 0 32
Soil unit weight, saturated Yeat [KN/mM*! | 22 17 20
Effective soil weight under GWL | y' [kN/m’] | 12 7 10
Cohesion, undrained shear strength | ¢, ¢, [kPa] 0 50 0
Modulus of elasticity E [MN/m?’] |70 20 40
Foundation modulus ko [MN/m’] | 135.7 54.3 78.7
Poisson's ratio v [-] 0.2 0.4 0.3
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For the bearing capacity calculations the parameters of consideration are; the angle of
shearing resistance, the soil unit weight and the undrained shear strength. The Winkler
model considers the mat’s properties and the foundation modulus k, which the
calculated deflections are based on. Elastic modulus and Poisson’s ratio are used for
the finite element calculations in PLAXIS 2D.

Common condition for the three cases is that the groundwater level (GWL) is
assumed to be one meter below the surface as seen in Figure 6.1. How the GWL
affect the result is also analysed in the parametric study. The groundwater level
determines the effective weight of the soil and therefore it is important to investigate
other levels of ground water to see how it affects the bearing capacity.

Sandy Till is one of the most common types of tills and thus chosen as a case. The
sandy till is a non-cohesive soil and consequently the cohesion is set to zero. In the
parametric analysis the angle of shearing resistance is varied to see how it affects the
result. The foundation modulus for the sandy till is assumed to be the same as for
“crushed rock low” described in chapter 4.3. This is an assumption that may
underestimate the deflection in the Winkler model.

The case of clay only considers the undrained state due to the short time of loading
and that the load is temporary. It is assumed that the loading will be relatively short
term, thus the clay will not consolidate and change state to drained condition. This is
further described in chapter 4.1.

All of the cases are modelled as one homogenous layer with the same material
properties along the depth. The reason for this is because it makes the calculations and
the parametric analysis comparable.

6.1.1 Special case

A special case is also analysed in PLAXIS 2D. This is made as a complement to the
other cases to simulate a scenario with more than one layer. The case analyses how
the mat acts on soft topsoil with an underlying dry crust followed by another layer of
clay. Two calculations are made for this case; first with all considered layers and
second without the topsoil. With these two calculations one can see how the mat
distributes a load on a soft soil and also how the dry crust mobilise the stress. The
parameters for the layers are seen in Table 6.2.

Table 6.2 Parameters and values used in the special case
Layer Depth cu [kPa] E [MPa]
Topsoil 20 cm 5 5
Dry crust 30 cm 50 50
Clay >5m 25 20
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6.2 Loads

The considered load is where the axle pressure is assumed to be greatest. This is
normally at the rear axle on the trailer where duals are used. How the load is placed
on the mat for the bearing capacity calculation is seen in Figure 6.2.

Assumptions:

* 2 meters track width (centre-to-centre distance between duals).

* Axle load of 17,000 kg

* The axle load is spread with 55 % and 45 % on the duals.

* The mats are placed in rows of two with the shortest side in the driving
direction.

* The tires are placed equally on each mat, one meter from the edge.

* The load is acting on one standalone mat without connection.

17.000 kg (167 kN)

55 % 45 %

Figure 6.2 Dual tires on the plastic road mat.

The pressure that the plate acts on the ground varies with the position of the tire load,
which is related to the effective area. The effective area is greatest when the load is
applied at the middle and decreases as the load reaches the edges. Thus the plate
pressure is calculated for different positions along the mat, see Figure 6.3. For the
calculations of bearing capacity and deflection only one mat and one dual tire are
considered. The calculated tire load is

Tire load = 55 % of 17,000 kg X 9.81 = 91.7 kN

Tire load

Driving direction

Figure 6.3 The different positions on the mat where the load is applied.
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The load is constantly 0.5 m from the centre and changes position from 0 to 1.1 m
from the centre line. The 0.5 meter distance from the centre represents the position of
one of the duals while the other one is assumed to be positioned parallel at the
adjacent mat. The reason for choosing 1.1 m as the furthest distance from the centre is
due to the fact that the tire length is assumed to be 30 cm and hence 15 cm from the
edge is the most critical point where one mat has to support the entire load.

The presented plate pressure is compared to the calculated bearing capacity for
different soils. As seen in Figure 6.4 the plate pressure increases when the load is
placed further to the edge of the mat. The maximum pressure at the edge is 153 kPa,
thus this value is compared to the bearing capacity of the different cases.

Plate pressure due to eccentric load

180
160

[ERN
S
o
-

120 /
100 ’,
80 -7
60 7

Plate pressure [kPa]
\

40 —__—"’

20 - - . - - o =

%9 01 02 03 04 05 06 07 08 09 1 1,1 1.2

Distance from the centre of the plate to the load [m]

Figure 6.4  Plate pressure at different positions along the mat.

6.3 Bearing capacity

The bearing capacity for the different cases is calculated using equation (4.2.2). The
bearing capacity is compared to the calculated plate pressure. If the value of the
bearing capacity exceeds the plate pressure it can bear the load, otherwise there is a
need of reinforcements under the mat. For the three cases it is assumed that the
ground is flat, thus the inclination factor is removed from the equation. The mat will
be positioned directly on the ground and therefore there will not be any surcharge
load. The assumptions reduce the bearing capacity equation to

1,
qr = cNcs. + 5V BesNys,

For the case of the undrained clay the undrained shear strength, c,, is valid while the
angle of shearing resistance is zero, thus the value of N. and Ny is set to 5.14
respectively zero according to (Sillfors, 2009). For the case of the sandy till and the
sand the cohesion is zero while the angle of shearing resistance depends on the
material investigated. The cases are for one specific situation but a parametric study is
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conducted for each case to determine which parameters that are the most sensitive for
the results.

The bearing capacity is calculated for one scenario where the effective width and
length is constant. The effective width and length of the mat is calculated using
equation (4.2.3) and is assumed to be the same for all of the three cases. The distance
from the centre of the mat to the load is assumed to be 0.5 meter, which result in an
effective width and length of:

Bef =B —2ep > By =3—-2%X05=2m

6.3.1 Sandy Till

In this specific case the groundwater is assumed to be one meter below the foundation
and the effective weight can be calculated using equation (4.2.10). The angle of
shearing resistance is set to 42° while the effective weight depends on where the
groundwater level is set. The effective weight is calculated as follows

h 1
7=v + ng(ysat —¥) =12+3x(22-12) = 1533 kN/m’

Since there is no cohesion and no surcharge load the general bearing capacity is
reduced to the following state

1
ar = EVmBefNysy

The shape factor s, and N, are calculated using the equations (4.2.6) respectively
(4.2.4)

5,=1-03-4=1-03%=076
Ler 2.5
N, = 151.94

The bearing capacity for this case is calculated
G =5 7BerNys, = 3 X16x2x151.94x0.76 = 1771 kPa

Comparing the results from the bearing capacity calculation with the plate pressure
determines if the soil will tolerate the pressure. If the ratio is less than one it means
that failure will occur.

df _ 1771 kPa
dload 153 kPa

=11.58

The result from the equation above shows that the bearing capacity of the soil is 11.58
times higher than the pressure of the plate. This means that it is safe to use the mats in
the conditions presented in this case.

6.3.2 Undrained Clay

Clay is a common soil in Sweden and for that reason it is important to have it as a
case. This case is for undrained clay because the load and construction are assumed to

34 CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2014:51



be temporary and relatively short term. The undrained shear strength is set to 50 kPa
and the angle of shearing resistance is 0° as (Sallfors, 2009) suggests.

To determine the bearing capacity for the undrained clay it is required to calculate the
shape factors. Due to the fact that the angle of shearing resistance is set to 0°, shape
factor sy will not contribute to the bearing capacity and therefore only s, is considered.

Be 2
se=1+ o.zﬁ =1+02(;;) =116
According to (Séllfors, 2009) the value for N; is 5.14 when the angle of shearing
resistance is zero. The bearing capacity for undrained clay results in
qr = cyNcs, = 50%x5.14x1.16 = 298 kPa

Comparing this with the pressure from the plate gives a safety factor of

df __ 298kPa
dload 153 kPa

= 1.95

The safety factor for the case of undrained clay is 1.95, which means that the soil is
able to handle the load.

6.3.3 Sand

To calculate the bearing capacity for the sand case it is required to determine the
properties for the sand. In the case of consideration the angle of shearing resistance is
set to 32° while the cohesion is zero. In this specific case the groundwater is assumed
to be one meter below the foundation and the effective weight of the soil is calculated
with equation (4.2.10)

7=V + 2 X(¥sae —¥) = 10 + 2 x(20 — 10) = 13.33 kN /m?

Since there is no cohesion and no surcharge load, the general bearing capacity is
reduced to the following state

ar = %VBEfNySV
sy and Ny are calculated using equation (4.2.9) respectively (4.2.6)
5 =1-032=1-03==076
N, = 27.72
The calculated bearing capacity for the sand case is
G =5 7BerNys, = 5Xx13.33x2x27.72X0.76 = 281 kPa

Comparing the bearing capacity with the pressure from the plate gives the safety
factor

qr _ 281kPa _

= = 1.84
Qioaa 153 kPa
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6.4  Deflection of the plate using Winkler model

The Winkler model is used to determine the deflection of the mat on different soils.
The deflection obtained in the Winkler model is compared to the deflection calculated
in PLAXIS. The derived equation for the deflection of a Winkler foundation can be
seen in chapter 4.4. The deflection w(x) is calculated using the equation below where
the k value is depended on the investigated soil while the Agy factor is depended on
the distance from the load. For each case the point load is assumed to be 92 kN and
placed at the centre of the foundation.
BPo

w(x) = ETR

The investigated TuffTrak mat is 3 times 2.5 meters and is assumed to behave like an
infinite beam on Winkler foundation. The analysis is in 2-dimensions and therefore
the ko-value needs to be multiplied with the length in contact with the ground to get
the right foundation modulus, see equation (4.4.1). For this analysis it is assumed that
the length in contact with the soil is one meter and hence the k-factor is calculated as

k == koxb = k0X1

The ko values for different soils can be found in chapter 4.4. It is assumed that the ko
value for the sandy till is equal to the value for “crushed stone low”, which may
underestimate the result of the deflection. On the other hand the deflection may be
overestimated if the ky is the same as for sand.

The moment of inertia is calculated using 4.4.6 and the modulus of elasticity for the
mat is 900MPa
. bxh®  2.5x0.038°
12 12

The B-factor needs to be calculated for each specific case due to the fact that it is
dependent on the foundation modulus, k. The B-factor is calculated using 4.4.5 and
the calculated values are presented in Table 6.2 below.

= 1.143x107°> m*

(kY
p= (451)
Table 6.2 k and 8 values for the different cases

Parameter | Unit Sandy Till Clay, undrained Sand
k [MN/m/m] | 135.7 543 78.7
B [m™] 6.03 6.61 7.58

To calculate the deflection at different points on the mat it is required to use the Agy-
function, which depends on the B factor and the distance, x, from the load.

Ap, = e P*(cosPx + sinpx)

The TuffTrak mat is 3 meters wide and therefore the distance that needs to be
investigated is from the centre of the mat and 1.5 meter to the edge.
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By using these equations together it results in the deflections shown in Figure 6.5 for
the chosen cases.

The results show that the deflection for the clay is greatest and correspond to around 5
mm. The deflection for the sand case is around 4 mm while for the sandy till case it is
about 2.5 mm.

Point at plastic mat (m)

0 0,5 1 1,5 2 2,5 3
-1
0 =
1 /
\ 7
g 2 \\ /,
E 3 \ /I
\\/ 1
4 e
A
5 N
6
= ==Clay = =—Sand Sandy Till

Figure 6.5  The calculated deflection for clay, sand and sandy till on a Winkler
foundation.

Maximum allowable deflection of the road depends of how sensitive the transports are
to uneven surfaces. Requirements from Vestas are that the lateral gradient of the road
shall not exceed 2°. When using temporary roads on undisturbed soil, there is no
guarantee that the surface will deflect equally under the two tires. The maximum
allowable difference in deflection for a 2 meter wide axle to tilt 2° is calculated as
follows

3 o —_ X j—
sin(2°) = 2000 X" 70 mm
This means that if the mat deflects more than 70 mm under one side of the transport
and the other side does not deflect at all, the axle will tilt more than 2° which is not
recommended by Vestas.

6.5 PLAXIS 2D

The analysis in PLAXIS 2D is conducted with an axisymmetric model. This means
that the model is symmetric around the y-axis and hence the model will be circular
around the y-axis. The axisymmetric model is used to determine how a single mat
reacts to a given load. The plain strain model is not used because the mat would be
continuous in one direction and therefore the results would not be accurate for a single
mat.

The parameters used for the soil models in PLAXIS are presented in Table 6.1. For
the cases of sand and sandy till the cohesion is set to 1 kPa due to numerical
limitations in the software. The clay is modelled as a rectangle with sides of 5 and 4
meters, where the later represents the depth. The sand and sandy till are modelled as a
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square with sides of 20 meters. GWL is set to one meter beneath the surface as in
previous calculations. Due to the axisymmetric model the plate is modelled as a
circular footing. The circular footing represents the effective area of the plate, which
varies with the load’s position.

6.5.1 Distributed load

The axial load is transferred to the tires and therefore the contact area for the tires
needs to be calculated to determine the pressure on the plate due to the load. For the
dual tires the contact area is determined using equation (2.1.5) in chapter 2.

It is assumed that the spacing between duals, S4 is 0.3 meters, the load on the tires is
92kN and the tire pressure, q is 800 kPa. These are values that are typical for trailers
as mentioned in Chapter 2. With these assumptions it is possible to calculate the
contact area for the tires using equation (2.1.5).

0.8521P P 0.8521x92 92
ma?=—"""—245, 4 = +03 |—————=0.239m?
q 0.5227q 800 0.5227x800

To determine the pressure that is transferred to the mat, the load is divided with the
area calculated above.

fd — %2 _385kPa

ma? 0.239

From equation (2.1.5) it is possible to calculate the radius, a, for the circular area.

a= /% = 0.2758 m

The radius is used in the axisymmetric model in PLAXIS 2D to analyse if the soil can
handle the distributed load from the tire.

6.5.2 Effective area

The effective area of the plate affects the amount of pressure that is transmitted to the
soil and hence its ability to handle the loads. Depending on where the load is applied
on the mat the effective area varies and so does the bearing capacity of the soil.
Therefore it is important to model different cases where the load is applied at different
points on the mat.

Due to the axisymmetric model the effective area of the mat is represented by a
circular footing, which is assumed to be similar to how the area would be in reality.
For the analysis in PLAXIS 2D three different areas with specific radii is considered:

* 1.5 meters, which represents a tire at the centre of the mat.
* 0.5 meters, which represents an edge load.
*  0.34 meter, which represents a corner load.
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Equivalent circle radii

Figure 6.6  Effective area and respective radii used in PLAXIS

Figure 6.6 above illustrates the tire position on the mat and the resulting effective
area. The effective rectangular area is transformed to an equivalent circle with radius
used in PLAXIS 2D to model the mat. The loading cases are performed on the soils
described in Table 6.1 and thus the same parameters are used as in previous
calculations.

6.5.3 Sandy Till

The first load case represents a tire in the middle of the mat. The effective area is in
this case the whole mat. According to the calculations the maximum deflection is 4.5
millimetres (Figure 6.7) and the soil is able to withstand the pressure from the load.
The parameters used for the case of sandy till are presented in Table 6.1.

Centre Edge Corner

4.5 mm 4.4 mm 4.8 mm

Figure 6.7  The deformation of the sandy till for three loading cases scaled up 20
times.

The maximum deflection at the edge is calculated to be 4.4 millimetres. The soil
handles the pressure from the plate and no failure occurs. In the third case the load is
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applied at the corner of the mat, which gives a maximum deflection of 4.8

millimetres. According to the calculations, the sandy till should be able to withstand
the load for all scenarios.
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Figure 6.8  The relative shear stress for the load applied at the centre of the mat,
where the area directly under the mat has the greatest stress.

Figure 6.8 shows the relative shear stress for the case of sandy till. The relative shear
stress is the ratio between the mobilised shear stress and the maximum shear strength.
When the ratio for the relative stress is one it means the soil plasticise. Thus the
deformation shown in Figure 6.5 is partly a permanent plastic deformation. The area
directly beneath the mat shows the greatest stress and it is mainly where the
deformation occurs.

6.5.4 Clay undrained

The parameters used for the undrained clay are presented in Table 6.1. The load is
applied at the centre, the edge and at the corner of the mat. This approach is used to

see how different loading positions affect the deflection and the bearing capacity of
the soil.

When the load is acting on the centre of the mat it results in a maximum deflection of
7.5 millimetres for clay, see Figure 6.9.

Centre Edge Corner
7.5 mm 8 mm 9.6 mm

Figure 6.9  The deformation of the clay for three loading cases scaled up 20 times.
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The scenario where the load is applied at the edge results in a maximum deflection of
8 millimetres. The corner load results in a maximum deflection of 9.6 millimetres and
as for the sandy till no failure occurs according to the calculations.

Figure 6.10 The relative shear stress of the undrained clay where the load is applied
at the centre. The greatest stress is mobilised directly under the load.

Figure 6.10 shows the relative shear stress for the clay when the load is applied at the
centre of the mat. The stress is greatest under the load where the soil partly plasticises
and a permanent deformation occurs.

6.5.5 Sand

The calculations for the sand case are basically the same as for clay and sandy till, but
with different parameters. The maximum deflection of the centre load is 9.2
millimetres and 9.9 for the edge loading case.

Centre Edge

9.2 mm 9.9 mm

Figure 6.11 The deformation of the sand for centre and edge loading (scaled up 20
times).
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The deformations in Figure 6.11 are only presenting centre and edge load because of a
failure at the corner load. This happens when too many plastic points occur during the
loading stage, thus the iteration process will stop and the software refers to a failure.
The reason for not presenting the corner case is due to the fact that the calculations
were not fully performed so the resulting deflection does not reflect reality.

Figure 6.12 The relative shear stress of the sand where the load is applied at the
centre. The dark contours under the mat indicate great stress.

The relative shear stress in Figure 6.12 indicates that plastic deformation occurs under
the mat resulting in a permanent deformation.

6.6  Special case

In this chapter two special cases are presented to simulate how the mat behaves when
more soil layers are considered. For full description of the case and given soil layer
see chapter 6.1. The calculations are made in PLAXIS 2D with the same load as in
previous cases, a distributed load of 385 kPa over an area that represents one dual tire.
The load is placed in the middle of the mat, which means that the radius of the mat
element in PLAXIS 2D is 1.5 meter.

The first case determines how the deformation and stress is spread through clayey soft
topsoil to an underlying dry crust. The top layer is 20 cm deep with undrained shear
strength of 5 kPa, which is classed as very low strength.
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Figure 6.13 The deformation and Cartesian shear stress for the case of 20 cm soft
soil and 30 cm dry crust below.

The calculated deflection is 29.9 mm and most of the deflection occurs in the topsoil.
The stress is transmitted through the top layer to the dry crust. It is the dry crust that
mobilises most of the stresses, as seen in Figure 6.13. The maximum stress
corresponds to 15 kPa. When unloading, the deformation is inversed by 15 mm and
when loading again it deflects to approximate 30 mm. The deflection obtained is both
elastic and plastic. The plastic deformation is permanent and remains during
unloading, while the elastic deformation flex back.

The second case is similar to the first case except that the topsoil is removed. The
reason for this is to analyse how the dry crust mobilises the stress from the load and
also to see the differences in the stress distribution from the mat above a soft layer
versus a hard layer.

Figure 6.14 The deformation and Cartesian shear stress for the case of 30 cm dry
crust on a layer of clay.

The maximum deflection for this case is 8.2 mm and as Figure 6.14 shows the most of
the stress is distributed in the dry crust. The maximum stress is 50 kPa directly under
the mat. Notice in Figure 6.14 how the stress is mobilised directly under the tire,
compared to Figure 6.13, where the stress is evenly distributed.
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7 Analysis

The analysis is performed to evaluate the results for the bearing capacity and the
deflection. The analysis is conducted with a parametric study of the bearing capacity
and the PLAXIS 2D calculations. A comparison between the results from PLAXIS 2D
and the hand-calculations is then performed to see if correlation exists between the
models.

7.1  Parametric analysis

The parametric analysis is performed for both the general bearing capacity equation
and for the calculations in PLAXIS 2D to determine how different parameters affect
the results. The calculations are based on different angle of shearing resistance for the
sandy till and the sand case, while the calculations of the clay are based on different
values of undrained shear strength.

7.1.1 Bearing capacity

The bearing capacity of the soil is calculated using the general bearing capacity
equation presented in chapter 4. To determine which parameters that are the most
sensitive to the result a parametric analysis is performed. Three cases for the
groundwater are evaluated; one for groundwater at ground level, one for groundwater
level 1 m under the foundation and one for the groundwater level at great depth under
the foundation. The groundwater level determines the effective weight of the soil and
the weight is calculated using equation (4.2.10).

In each Figure the maximum plate pressure of 153 kPa is presented as a horizontal
dotted line. When the bearing capacity exceeds this line the soil is able to bear the
load.

The angle of shearing resistance for the sandy till and the sand is varied between the
values presented in Table 4.2 in chapter 4. For the case of the undrained clay, the
undrained shear strength, c, is changed between the values presented in Table 4.3.
The values that are investigated are summarised in Table 7.1.

Table 7.1 Values varied in the parametric analysis
Soil Angle of shearing | Undrained shear GWL
resistance, ¢ [°] strength, ¢, [kPa]
Sandy Till 42-45 - Ground level -
1 meter below -
Sand 28-35 - Great depth
Clay - 5-300
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GWL at great depth
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Figure 7.1  Parametric analyses of the bearing capacity for different soil
parameters (GWL at great depth).

In Figure 7.1 the bearing capacity for the three soils is presented. The bearing capacity
is calculated for groundwater at a great depth below the foundation. As Figure 7.1
shows the most critical soils are clay and sand where the bearing capacity for some of
the investigated parameters lays under the pressure from the plate. When the angle of
shearing resistance is 28° for the sand it corresponds to a bearing capacity of 222 kPa.
This means that with an angle of 28° the sand should be able to handle the load.

The undrained shear strength of the clay needs to exceed 25 kPa to handle the
considered load. Otherwise the bearing capacity will be too low compared to the
maximum plate pressure and a failure will occur.

The bearing capacity for the sandy till case is much greater than the pressure of the
plate and it is fairly safe to conclude that it should be able to handle the load.
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GWL 1 m below the foundation
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Figure 7.2 Parametric analyses of the bearing capacity for different soil
parameters (GWL 1 m below the foundation).

The impact of the GWL is examined in Figure 7.2. The GWL is assumed to be one
meter below the foundation, which affects the effective weight of the soil.

The results show that the GWL does not impact the bearing capacity of the clay. This
is due to the fact that the bearing capacity of the undrained clay is only dependent on
the undrained shear strength c,,.

In the cases of the sandy till and the sand the GWL has an impact of the bearing
capacity. The bearing capacity for sand with an angle of shearing resistance of 28°
drops from 222 kPa to 148 kPa when the GWL is one meter under the foundation
instead of as previously at great depth. This means that with this GWL the soil’s
bearing capacity is too low to handle the maximum pressure from the plate. To be
able to resist the plate pressure the angle of shearing resistance needs to be at least 29°
which corresponds to a bearing capacity of 173 kPa.

For the case of the sandy till the bearing capacity drops with the influence of the
ground water but it is still much greater than the plate pressure. For an angle of
shearing resistance of 42° the bearing capacity is 1771 kPa.
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Figure 7.3 Parametric analyses of the bearing capacity for different soil
parameters (GWL at ground level).

In the last parametric analysis, GWL is set to the ground level. As mentioned above
the groundwater level affects the effective weight of the soil. The effective weight of
the soil under GWL is seen in Table 6.1 and the bearing capacity is calculated as in
previous cases. In Figure 7.3 the bearing capacity for the different cases are presented.

The bearing capacity for the clay is not affected by the GWL thus the results are the
same as in previous cases

To be able to handle the maximum pressure from the plate the sand needs to have at
least an angle of shearing resistance of 31°. This angle corresponds to a bearing
capacity of 179 kPa, which is relatively close to the plate pressure of 153 kPa.

The result for the case of sandy till shows that with an angle of shearing resistance of
42° the bearing capacity is 1386 kPa. According to the calculations above the bearing
capacity for the sandy till should be able to withstand the pressure from plate in every
case.
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7.1.2 PLAXIS 2D

The parametric analyses in PLAXIS 2D only consider the undrained clay and sand
case. This is for the reason that sandy till is modelled likewise to sand, but with better
strength parameters. Thus the sandy till case is not critical in the analysis.

In this parametric analysis several calculations are made for the two considered cases.
For both cases, the same computer models and geometry are used as in previous
calculations. The only thing changed is the strength parameters, which are varied in
the calculations for all considered position. The load positions in this analysis a
centric, edge and corner load on the mat.

Table 7.2 presents the deformation on undrained clay for different values of undrained
shear strength, c,. The calculations show that the deformation decreases with an
increase of shear strength and vice versa. It is also seen that the deflection is greater
with a decreased effective area, which the edge and corner calculation proves.

When the load is applied at the centre of the mat, all clay cases in the parametric study
are able to handle the pressure. The case with the undrained shear strength of 5 kPa
gives a deformation of 56.2 millimetres, which may be too great for the transportation
of the wind turbine parts.

Table 7.2 Maximum deflections for clay in PLAXIS 2D

Clay
cu [kPa] Centre [mm] Edge [mm] Corner [mm]
5 56.2 * *
10 28.9 * *
20 14.7 21.3 *
30 10.4 13.4 101.1
40 8.5 9.7 16.7

* Numerical failure in the calculation due to the amount of plastic points.

For the cases marked with an asterisk (*) in Table 7.2 and 7.3, the software refers to a
failure of the soil body. The numerical failures occur when the load has developed too
many plastic points in the soil, thus the results from these calculations should be
treated with caution. The calculations in PLAXIS 2D further prove that the edge and
corner load are critical for the mat system.

The parametric analysis for the sand case is with a variation of the angle of shearing
resistance. This case also states that the plate will support the given maximum loads
for wind turbine transports if the load is applied at the centre. It is more critical at the
edges and corners of the mat where plastic deformation will occur.

In Table 7.3 it is seen that all loading positions will handle the load if the angle of
shearing resistance is greater than 32°. The deflection increases with a decreased
angle of shearing resistance and vice versa.
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Table 7.3. Maximum deflection for sand in PLAXIS 2D

Sand

¢ [°] | Centre [mm] Edge [mm)] Corner [mm]
28 11.7 14.0 *

29 11.0 12.6 *

30 10.1 11.5 *

31 9.5 10.6 *

32 9.0 9.9 *

33 8.6 9.3 16.9

34 8.2 8.7 13.4

35 8.0 8.3 10.7

* Numerical failure in the calculations due to the amount of plastic points.

7.2  Comparison of PLAXIS 2D with hand-calculations

The results obtained by the hand-calculations and the calculations in PLAXIS 2D
show that there is correlation between the models. However there are some
differences that are presented in this chapter.

The greatest deflection obtained from the Winkler model is for the case of clay while
the results from PLAXIS 2D show that for some cases the sand has the greatest
deflection. The difference between these results can be explained by the values used
in the models. The ko values for the soils used in the Winkler model are general for
that type of soil and are just one value for each soil. It is not specified what type of
clay, sand and sandy till that is considered.

In PLAXIS 2D it is possible to use more parameters to explain what type of soil that
is under consideration and hence the results are more specific. In PLAXIS 2D the
modulus of elasticity and the shear strength determine the deflection of the mat and
ground while the subgrade modulus determines the deflection in the Winkler model.
Hence to get similar results from the models there should be a correlation between the
subgrade modulus ko and parameters used in PLAXIS 2D. However for most of the
cases the PLAXIS 2D results follow the same pattern as the results for the Winkler
model, clay has the greatest deflection while the sandy till has the lowest.

The results show that the amount of deflection differs by approximately a factor of
two between the models. The Winkler model only considers the elastic deformation of
the soil while PLAXIS 2D also includes the plastic deformation. The difference can
explain why the resulting deflection in PLAXIS 2D is twice the amount compared to
the deflection obtained in the Winkler model. As mentioned there are some
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differences between the models in the case of the deflection, however the shape of the
mat is similar in both models.

The results from the general bearing capacity equation and the PLAXIS 2D
calculations show that there is a correlation between the models. The bearing capacity
for the sand and clay are for both calculations the most critical cases while the bearing
capacity for the sandy till is always greater than the pressure from the plate. Both the
bearing capacity and the computer calculations give no failures when then angle of
shearing resistance is above 32° for the sand case. For the case of clay no failures
occur when the undrained shear strength is greater than 30 kPa.

The calculated effective area used in PLAXIS 2D and the general bearing capacity
equation differ from each other. The effective area for the corner load has not been
taken into account in the hand-calculations due to the assumption that the tire position
is 0.5 meters from the centre. However the area for the edge and centre loading in
PLAXIS 2D is similar to the effective area used in the bearing capacity calculations.

The results from the two models show that one of the most critical parameter is the
effective area. The calculations are based on one detached mat and for that reason the
area is limited to 3 times 2.5 meters. Our results have shown that the mat is able to
handle the load for all of the cases as long as the load is applied at the centre. This
means that the soil is able to bear the pressure from the plate for all of the scenarios
studied if the whole plate area spreads the load. Therefore if several mats are
connected to each other with connections that have the ability to transfer the pressure,
it will increase the effective area of the structure decreasing the pressure transmitted
to the soil.
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8 Discussion

According to the results presented in this thesis it seems that the mat system for most
cases is able to handle the load from the transportation. However there are some
uncertainties about the mats’ behaviour that need to be addressed before claiming that
they are suitable for wind turbine transportation.

To be able to perform the calculations for a real case, it is required to investigate the
soil properties at site. Shear strength parameters, groundwater level and thickness of
the topsoil are all parameters that can be determined by geotechnical investigation.
The cases in this study are soil with homogenous layers, which may not reflect how
the soil is structured in the field. However, when the soil’s strength varies in the soil
stratum, averages values for the soil parameters can be used for the calculations, and
the results from the parametric analysis show bearing capacity and deformations for a
range of values.

The effective area is one of the most sensitive parameters that determine if the mat is
able to function as an access road. When applying load close to the edge and corner
the effective area supporting the load will be relatively small. For this reason it is
necessary to consider a connection system between the mats that has the ability to
distribute the load over a larger area. Specific connection systems have not been
studied in this thesis, which is a critical part when considering the use of plastic mats
as access roads.

The analysis is performed with a maximum load on one dual tire. However, trailers
carrying wind turbine components often have several axles to distribute the load.
Hence two or three pairs of duals could be on one mat at the same time. The reasons
for only analysing one tire load are to investigate critical positions on the mat and due
to limitations of the models used. Nevertheless, the effective area distributing the load
sets the limit rather than the load itself.

It is also unknown how sensitive the transports are to uneven surfaces. If the lateral
gradient of the road is too great there may be a risk for the truck to turn over. This
depends on the transport’s centre of gravity and the overall balance. The requirement
from Vestas is that the lateral gradient should be a maximum of 2 degrees. However,
in this thesis only flat surfaces have been considered due to limitations in the models.
Whether an inclined or uneven surface affect the bearing capacity or the stability of
the transports needs to be investigated.

The maximum allowable deflection is related to the sensitivity of the transports. The
sensitivity has not been studied, but to not exceed the requirement of the later gradient
of 2 degrees the maximum difference in deflection on an axle is calculated to be 70
mm. Therefore if the plastic mats deform equally under an axle, the stability of
transport may not be an issue. Nevertheless, the maximum allowable settlement and
deflection should be further studied to not risk the safety of the transport nor the road.
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9 Conclusions

To determine if the mats can be used a proper geotechnical investigation needs to be
performed. The parameters that need to be investigated are for non-cohesive soils,
sand and sandy till, the angle of shearing resistance and for undrained clay the
undrained shear strength. These parameters combined with the groundwater level and
the unit weight of the soil can be used to determine the bearing capacity.

According to the results from the hand-calculations and the calculations in PLAXIS
2D the mat is for most cases able to bear the load from the transportation. However,
when the effective area is small it may results in failure for some cases of sand and
clay. The results indicate that the effective area is the most sensitive parameter if the
mat and soil is able to bear the load from the transportation or not. The calculations in
this thesis show that as long as the load is distributed over the whole mat the bearing
capacity should not be an issue.

The calculations in this thesis are based on one detached mat and how the mat system
behaves when connected has not been analysed. However if the connections distribute
the load over several mats, the effective area would be even greater than the area
analysed in this thesis. Nevertheless even if the mats are connected the calculations
for the edge and especially the corner load are valid to show the importance of not
driving too near the edges. The results conclude that it is important that the
connections between the mats distribute the loads between each other especially if
they should be used in soft soils.

The deflection and stress distribution of the mat are highly dependent on the soil
condition considered. Clay has as can be seen in the parametric analysis for most
cases the greatest deflection while the sandy till has the lowest. With a greater
deflection the active area of mat increases, decreasing the stress in the soil. The stress
distribution for the special case of soft soil on a dry crust shows that the topsoil
deforms while the greatest stress is mobilised in the dry crust. The case shows that it
is possible to use the mats as long as the thickness of the top layer is not to great and
that the soil beneath has a dry crust with enough strength.

By using temporary plastic mats instead of gravel roads the time and the
environmental impact of the construction can be decreased. Groundwork may be
necessary to meet the requirements from Vestas, but if a lot of groundwork is needed
to improve the soil the positive aspects of using plastic mats will not be that obvious.
For that reason there are no calculations made for ground reinforcement in this thesis.
Groundwork can increase the stability of the soil but as the results show most cases
are able to handle the load from the transports anyway.
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10  Further studies

Even though the results indicate that the mats can handle the load from the transport it
is necessary to do further studies to eliminate the uncertainties mentioned in the
discussion. The connection system needs to be studied to see how it distributes the
load from one mat to another. A model in 3D with an entire transport should be
performed to understand the behaviour of the mat and ground when fully loaded, both
static and dynamic. In spite of all calculations and computer software a real field-test
is needed to fully understand how the mat and the transport behave on a flexible
plastic mat.
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