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Abstract
The increasing demand for sustainable and easily constructible housing has led to the exploration of
alternative foundation systems for lightweight modular structures. This research investigates the fea-
sibility of using short helical piles to support a lightweight wooden building, assessing its settlement
behaviour and structural integrity over time. Unlike traditional deep pile foundations, short helical piles
are designed to be easily installed, removed, and reused, offering both environmental and economic
advantages. However, their application in soft soils raises concerns regarding excessive and differen-
tial settlement.

The main research question for this thesis is:
”What is the structural feasibility of a lightweight, modular wooden building design on short, screwed
foundation piles that is expected to have large amount of settlement?”

To answer this question, a literature study was done in combination with a case study. The literature
established the boundary conditions for the use of helical foundation piles and explores the expected
capacity and settlement behaviour in soft soil. Afterwards, it focusses on aspects such as decay and
modular systems of timber construction elements.

With the knowledge obtained from the literature, a case study was developed. To investigate the be-
haviour of a lightweight structure that is expected to settle, a numerical modelling approach is used,
combining PLAXIS 2D and SCIA Engineer. PLAXIS 2D was used for simulating the settlement be-
haviour of the structure at multiple stages in time, while the effect of these settlements on the super-
structure was analysed in SCIA Engineer. Different wall systems were investigated, focusing on the in-
fluence of the wall stiffness, varying pile capacities, and the impact of uneven loading. Time-dependent
settlement effects were evaluated at time stages just after the completion of the construction and at
three additional points further in time. This provides insight on the short-term and long-term behaviour
of the structure. To prove that a structure of this typology is sufficient for housing, it is tested on total
settlement (𝑈), differential rotations (𝛽), tilt (𝜔), and element capacity (𝜎).

The results of the calculations indicate that for a lightweight, timber structure placed on short helical piles
large amount of settlement can be expected when positioned in soft soil. However, the settlements will
not lead to a significant stress increase that causes failure of structural elements. A stiffer wall system
has the ability to redistribute more force to the foundation piles at the most outer position. This reduces
the differential settlement between piles, but also reduces the maximum total settlement of the wall.
The resistance to deformations of the outer foundation piles is therefore more impactful with a stiffer
superstructure. In general, the findings suggest that with careful consideration of settlement behaviour,
short helical piles can be a viable foundation solution for supporting lightweight houses.
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1
Introduction

1.1. Context
Foundation design for buildings in the Netherlands
is characterized by the diverse nature of the under-
ground. In some areas, rock and sand are found
close to the surface, allowing the use of shallow
foundations. However, in more populated areas,
thick layers of soft soils, such as clay and peat,
cover the deeper Pleistocene sand layers. In these
cases, deep pile foundations are often required to
ensure adequate capacity and stiffness. Tradition-
ally, deep pile foundations are used to mitigate ex-
cessive settlement, but these solutions come with
high material costs and significant environmental
impact. Research indicates that over 60% of a
building’s emissions stem from the materials used
(Sandanayake et al., 2016), and minimizing the en-
vironmental impact of the foundation could signifi-
cantly lower this figure. Figure 1.1: Early concept design

Figure 1.2: Helical pile

Besides reducing the environmental impact of buildings, the Netherlands
is facing a severe housing shortage. The government is therefore plan-
ning to build 900,000 homes by 2030 (Rijksoverheid, 2024). However,
the push for rapid construction is constrained by environmental ambi-
tions of the same government, particularly the need to limit carbon diox-
ide and nitrogen emissions. This challenge has led to the search for
more sustainable building solutions, including eco-friendly materials and de-
signs.

An innovative design proposed by Zonneveld Ingenieurs involves the
use of lightweight wooden elements supported by short foundation piles,
specifically helical piles. These piles provide load-bearing capacity
through a combination of shaft friction and end-bearing resistance. Their
lightweight nature, ease of installation, and reusability make them a sus-
tainable and practical choice for modular, environmentally friendly struc-
tures. However, some complications with this approach remain to be ad-
dressed.

1
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1.2. Design Problem
Despite the benefits of short foundation piles, they also present notable design challenges. The main
issue arises from the limited depth these piles can reach, often stopping in weaker soil layers rather than
extending to a stable sand layer. As a result, short piles may have reduced load-bearing capacity and
higher settlements compared to deeper foundations, making them less suitable for heavier structures.
This limitation can lead to performance issues, especially in areas where the soil is highly compressible
or where large loads are expected. While the use of lightweight materials like wood helps offset some
of the load concerns, it does not fully eliminate the risk of instability in certain soil conditions.
The higher compressibility of such soils increases the risk of uneven settlement, potentially leading to
structural issues such as tilting or misalignment over time. Regulations in the Netherlands generally
impose strict limits on settlement to ensure building stability. However, an intriguing question arises:
What if larger displacements do not compromise the superstructure, avoiding structural failure and
significant differential displacements?

1.3. Design philosophy
The building is designed as a temporary solution to address the housing crisis. Its primary objective
is to enable the rapid construction of homes without the use of heavy machinery at a given location,
where they will remain for a period of five years. After this time frame, the structure will be dismantled
and relocated for reuse at another site. This approach eliminates the need to accommodate long-term
settlement effects and allows the site to be restored to its original condition. By providing temporary
housing, this solution helps alleviate the housing shortage until larger, permanent projects can be de-
veloped. The compact apartments are particularly suited for young professionals, students, or first-time
renters, offering a flexible and time-limited living arrangement.

1.4. Objective
This research will investigate the feasibility of a lightweight timber structure on short foundation piles
by comparing a timber beam, a timber frame wall with OSB panels and a CLT wall placed on the
foundation. The following aspects of the structural design will be investigated:

• The effect of not reaching a bearing sand layer on the load capacity and vertical displacement of
a helical foundation pile;

• The effect of the stiffness of a wall system on the differential settlements of the structure;

• The effect of using smaller piles on the outer side of the wall;

• The effect of uneven loading on the differential displacement of the structure.

Comparing the different wall systems under different conditions to one another, will improve the knowl-
edge of such a design and answer the question if such a design has potential for future buildings.

1.5. Research question
”What is the structural feasibility of a lightweight, modular wooden building design on short, screwed
foundation piles that is expected to have large amount of settlement?”

This question will be answered by sub-questions tackled in different parts of the research.

• What are the implications of using short, screwed foundation piles in soft soil layers?

• What are the implications of using wooden elements for the superstructure?

• How does settlement affect the wall system of the superstructure?

• How can the stiffness of a wall systems influence the (differential) settlement of the structure?

• How does uneven loading affect the differential settlement?
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1.6. Methodology
To answer the research questions, firstly information will be gathered from literature. This will provide a
better understanding of all the processes at play underneath and within the structure. Key topics such
as foundation typology, soil settlement, and their impact on structural performance will be thoroughly
examined in Chapter 2. In Chapter 3, the structural components above ground-level will also be inves-
tigated on their properties and on how they obtain their stiffness.

The literature survey will form the basis for identifying potential design challenges of a timber wall sys-
tem on short foundation piles. Three different wall systems with different stiffness properties will be
investigated on their performance placed on top of helical piles. The wall structures will be tested on
multiple design variables that impact the performance of the wall with respect to internal stresses (𝜎),
deformations (Δ𝑈), relative rotation (𝛽) and tilt (𝜔). Chapter 4 goes into more detail on the design
choices of this case study.

The case study will use Finite Element Software (FEM) to get insight into the structural performance.
Two programs are used to get an accurate estimation of the behaviour of the settlement over time and
the structural behaviour of the timber elements. For the settlement calculations, PLAXIS 2D is used
and for the structural analysis SCIA Engineer is used. The displacements of the foundation piles will
be translated to spring supports in the SCIA model. The obtained forces on top of the foundation piles
will afterwards be used in PLAXIS. This will be repeated until a structural analysis can be done at the
time steps T0, T10, T100 and T1000. The numbers representing the time passed after the construction
process, so T10 meaning 10 days after the construction is finished. Chapter 5 explains this in more
detail.

After the calculations are finished, the results will be presented in Chapter 6 with additional observa-
tions as discussion points. Due to the setup of this research, some simplifications must be done, which
can influence the result of the calculations. These influences will be discussed in Chapter 7.

At the end of this research a conclusion will be given on the research questions based on the obtained
results. A recommendation on the design concept will be presented and how future research can im-
prove the validity of the design concept.
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Figure 1.3: Methodology



2
Literature study - Foundations

In this chapter, the different aspects of using short foundation piles will be discussed. It will go into detail
on the multiple foundation techniques in the Netherlands, the specifics of settlement, the specifics of
using a helical pile, and the implications of allowing large amount of settlement of a construction.

2.1. Foundation in the Netherlands
The Netherlands is home to a variety of soil types, each playing a crucial role in determining suitable
foundation types for construction. The country’s soil primarily consists of sand, clay, peat, and silt,
shaped by its geological history and water management practices. After the Pleistocene era ended
around 10,000 years ago and the Holocene began, the melting glaciers left behind large amounts of
sand, particularly in the eastern regions of the Netherlands. This part is above the seawater level and
was untouched for millennia by the sea.

(a) Overview of the thickness of the Holocene soft soil in
the Netherlands (TNO, 2016)

(b) Overview of the top layers of soil in the Netherlands
(“Bodemkaart Nederland”, 2014)

Figure 2.1: Overview of soil characteristics in the Netherlands
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The more western part of the Netherlands is formed by the deposition of clay soil by rivers for thou-
sands of years. The area is positioned below the seawater level and has been waterlogged for a long
period of time. This resulted in the accumulation of organic material, leading to the formation of peat
soil with a flat surface. A large area was reclaimed by drainage and water management for the purpose
of agriculture. Now a large portion of the population lives in this area and there is a high demand for
housing. An overview of the soil types in the Netherlands can be seen in figure 2.1.

Each soil type reacts differently to a constant applied load. So does sandy soil show a more immediate
reaction to the load and do the clay and peat layers are more influenced with long term settlement
(Huizinga, 1969). Understanding the properties of soil is crucial for predicting and managing the set-
tlement behaviour of the ground. Soil properties such as grain size, composition, water content, and
density directly influence how soil responds to stress increase. The three most important soil types are:

Sand
Sand soil consists of large to moderately fine grains. It has a high permeability and is a non-cohesive
soil. This soil is mostly found at the coastal areas and in the east of the Netherlands. Sandy soil is
generally stable, does not have large deformations and has a high strength. This makes it well suited
for load-bearing purposes.

Clay
Clay soil consists of very small particles. It has a low permeability and a high cohesion. Clay soils
are common in the area around rivers and in the polders of the Netherlands. The clay soil has less
strength than sandy soil and tends to deform in case of changes in water content. This can happen due
to environmental changes or due to a change in stress within the soil. This change in stress leads to
the dissipation of water within the pores of the soil. This takes time and the soil is therefore susceptible
to long term settlements, which is not desirable in structural designs.

Peat
Peat is an organic soil that is made up of fibrous remains of plants. The soil is formed by the compres-
sion of these particles which leads to its cohesion. While peat typically exhibits moderate permeability
and high compressibility, its strength depends on the strain applied—requiring large strain to fully mobi-
lize its strength. Due to these reasons, peat layers are generally avoided when designing a foundation.

With these properties, it becomes clear why the foundation of a building is almost always positioned in
sandy soil. Unfortunately, in the western part of the Netherlands there are large layers of soft soil the
foundation has to bypass.
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2.1.1. Long foundation piles
To ensure a stable foundation in the western part of the Netherlands, where the soil primarily consists
of soft clay, silt, and peat layers, long foundation piles are extensively utilized. These piles are driven
deep into the ground to reach more stable soil layer, such as compacted sand or Pleistocene-era layers
beneath the softer upper soils.

Figure 2.2: Negative skin friction (Lai et al.,
2022)

The long piles were initially made of wood during earlier con-
struction practices. In recent decades, piles have been devel-
oped that consist out of materials such as concrete, steel, and
composites. These modern materials provide greater strength
and durability, which is needed for creating larger and heavier
structures.

Long foundation piles need to resist large forces applied
on them. Besides the forces applied by the structure,
also the forces created by friction called downdrag or neg-
ative skin friction need to be taken into account. Nega-
tive skin friction arises when the pile stays in place ver-
tically, but the surrounding soil deforms. The friction be-
tween the soil and the surface of the pile creates additional
stresses within the pile, leading to the need for larger di-
mensions and stronger materials for the pile (Coduto et al.,
2016).

The use of long foundation piles enables possibilities for con-
struction in the western part of the Netherlands. However, this
results in significantly higher material usage for construction in the west compared to similar projects
in the east. Even lighter structures in the west necessitate the use of large foundation piles to ensure
stability.

However, this results in a construction requiring a relatively larger amount of materials in the west
compared to an identical structure in the east. Especially for lighter constructions, that still have to be
placed on large foundation piles. The material used impacts a construction design economically, and
sustainably. The materials used in these foundations have economic and sustainability implications,
influencing both the cost and environmental impact of construction projects.

When a structure supported by foundation piles reaches the end of its lifespan and is deconstructed,
retrieving the foundation piles is not feasible. The presence of skin friction generates forces that are
so big that extracting the piles from the ground needs large machinery, and the pile staying intact is not
guaranteed. As a result, the only viable way to reuse the materials is to design a new structure that
incorporates the existing piles. This limits the design freedom for future structures at that location.

2.1.2. Wooden foundation piles
Before modern piles made out of concrete and steel were invented, constructions were supported by
other materials. Amsterdam is an example of houses built on timber foundation piles that have been
standing there for a long time. These wooden piles are more limited in their capacity compared to
concrete and steel piles, but are also less expensive and more environmental friendly. Especially, if
the trees that can be used for the timber piles are located near the building site. When designing a
wooden foundation, one must take into account the water level.

To prevent exposure to air, the top of wooden foundation piles must always be positioned below the
lowest expected groundwater table. This ensures that oxygen cannot reach the wood, thereby limit-
ing the activity of aerobic bacteria and fungi responsible for most decay processes (Klaassen, 2007).
However, even in waterlogged soils, wooden foundations remain susceptible to microbial degradation.
In low-oxygen conditions, soft rot fungi may contribute to decay, while in fully anoxic environments,
erosion bacteria can still degrade the wood. (Björdal, 2012) These bacteria, which erode the wood
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fiber cell walls, are responsible for wood degradation in various anaerobic terrestrial and marine en-
vironments worldwide. Although bacterial degradation occurs more slowly than fungal decay, it can
still significantly reduce the load-carrying capacity of foundation piles over time, potentially leading to
stability issues in supported buildings (Singh et al., 2016).

The capacity of wooden foundation piles is limited. The piles have to be produced out of wooden logs
and the dimensions of the piles are limited to the available trees. Most timber piles are designed to
carry axial loads of 100 to 400 𝑘𝑁 (Prakash & Sharma, 1990), with the rule of thumb being 100 kN. At a
certain depth, it becomes unfeasible to use the wooden piles. In Section 2.1.1 the concept of negative
skin friction is explained. The thicker the soft soil layer surrounding a pile, the greater the negative skin
friction it experiences when its end is embedded in less compressible soil. These force can become
large enough that the pile has to use most of its capacity on resisting this friction, leaving no capacity left
for the forces applied on top (Hogerheijde, 2023). In addition to this, other materials are often needed
to improve the timber pile. The repeated blows during driving can cause splitting of the wood at the top
and toe of the log. Steel toe points are often used to reduce this damage.

In present times, mostly concrete foundation piles are used. However, with the rise of circular construc-
tion, there is renewed interest in using timber foundation piles. An example is The Natural Pavilion in
Almere, Netherlands, which was entirely built on timber piles in 2022 (“The Natural Pavilion”, 2022).

2.1.3. Shallow foundation
Shallow foundations are generally not preferred on soft soil due to the soil’s low load-bearing capac-
ity, high compressibility, susceptibility to differential settlement. When the top soil consists of a stable
sand layer, the shallow foundation becomes feasible. The sand layers ensures that the loads applied
by the construction are spread out and the stresses become low enough to ensure no large settlements
will occur. However, sometimes the choice is made to use shallow foundation on soft soil. For small,
lightweight structures it is more cost effective to accept the deformations than to use foundation piles
to reach lower sand layers.

The foundation is often placed just underneath ground level to obtain more resistance and have a
higher stability of the soil. Sometimes ground improvement can help by realising a shallow foundation.
The first meter(s) of the soil is removed and replaced by sandy soil. This improves the stability of the
soil and makes heavy shallow foundation more feasible. It does require a lot of excavation works.

2.1.4. Short foundation piles

Figure 2.3: Friction piles

To support lightweight structures, a foundation consisting out of short piles
can also be used. Although these piles do not reach deeper sand lay-
ers, they transfer vertical forces further into the ground. These deeper
soil layers have been loaded by the layers on top for several years,
which improves their settlement resistance. This method effectively uti-
lizes the increased bearing capacity of these naturally consolidated lay-
ers, acting as a preloading technique without the need for additional
soil placement. Due to the weak strength properties of the soil, the
structure will settle, but to a lesser extent than with shallow foundation
strips.

Short foundation piles behave differently from long ones because of how
they interact with the soil around them. In long piles, the soil tends to set-
tle while the pile remains stationary generation negative skin friction. With
short piles, this negative friction doesn’t occur. Instead, as the short pile
moves downward slightly under the load, it compresses the surrounding
soil, creating an upward friction force on the sides of the pile. This upward
force, combined with the pressure exerted by the soil beneath the base of
the pile, provides the overall load-bearing capacity.

The piles have some benefits that make them potentially useful as the foundation of a sustainable
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lightweight construction. The piles use less material than longer foundation piles and they can be
retrieved after the construction’s lifetime. Furthermore, they do not require heavy equipment during
installation in comparison to longer foundation piles. This makes them interesting for the case at hand
(Engineersview, 2024) (Shuman et al., 2022).

This foundation type will be further expanded upon in Paragraph 2.3.
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2.2. Soil settlement
Soil settlement is a critical aspect for building design. Settlement refers to the vertical displacement of
the ground caused by the weight of the structure and other loads working on the structure. Knowing
the settlement behaviour underneath the structure ensures proper design decisions can be made.

There are three stages of settlements: immediate settlement, primary consolidation settlement and
secondary consolidation settlement. Each process is distinguished by their own relation with the im-
posed load (Verruijt, 1999).

Figure 2.4: Vertical displacement over time

The settlement of the soil is influenced by multiple factors. Not only the soil itself, but also the loading
and preloading of the soil are key factors in determining the settlement behaviour of the soil. Before
the three settlement stages are investigated, the term effective stress will be explained.

2.2.1. Effective stress
The effective stress within the soil determines the settlement behaviour of the primary and secondary
settlement of soil. It represents the portion of the total vertical soil stress, excluding the stress carried
by water in the pores. The following equation describe the relation between the effective stress (𝜎′𝑧𝑧),
vertical soil stress (𝜎𝑧𝑧) and pore water pressure (𝑝).

The effective stress (𝜎′) is expressed as:

𝜎′𝑧𝑧 = 𝜎𝑧𝑧 − 𝑝𝑤𝑝 (2.1)

Where:

𝜎𝑧𝑧 Total vertical soil stress;
𝑝𝑤𝑝 Pore water pressure (or groundwater stress).

Vertical soil stress is the weight of the overlying soil per unit area at a given depth. The vertical soil
stress (𝜎𝑧𝑧) is expressed as:

𝜎𝑧𝑧 = 𝛾 ⋅ 𝑧 (2.2)
Where:

𝛾 Unit weight (density) of the soil;
𝑧 Depth of the soil layer being considered.
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Groundwater stress depends on the depth to the water table and the unit weight of water (𝛾𝑤). Below
the water table, the pore water pressure increases linearly with depth:

𝑝 = 𝛾𝑤 ⋅ 𝑧𝑤 (2.3)

Where 𝑧𝑤 is the depth below the water table. Note that the increase in pore water pressure can deviate
from its linear behaviour depending on the subsurface soil conditions. However, this research will not
go into detail on this phenomenon.

From the formulas it can be seen that effective stress is dependent on the depth and density of the
soil. The deeper a soil layer, the greater the influence of overlying weight and water column pressure.
Depth determines whether the soil is above or below the water table, affecting pore water pressure
and, consequently, the effective stress. On its turn, the density or unit weight of soil influences both
the total vertical stress and the soil’s strength. Unsaturated soils above the water table exhibit effective
stress due to the weight coming from only soil.

Figure 2.5: Example of stresses in a homogeneous soil layer (Verruijt, 1999)

In short, effective stress influences the strength and compressibility of the soil. The higher effective
stress, the more stable soil and the less it will compress under an increase in load (Verruijt, 1999). The
latter is explained in further detail in Sections 2.2.4 and 2.2.5.

2.2.2. Stress increase underneath a foundation pile
In Section 2.1.3 it is mentioned that sand is a desired soil type to position the bottom of the foundation
element. The sand is more rigid and spreads out the load effectively. The spreading of the load results
in a reduction of stress with depth, while the area over which the load acts increases, see Figure 2.6.
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Figure 2.6: Redistribution of stress over depth 2 dimensional (a) and 1 Dimensional (b)

For circular footings, which relevancy will be explained in Section 2.3, the formula for calculating the
stress underneath the center of the load is:

Δ𝜎′𝑣,𝑧,𝑑 = 𝑝gem,𝑑 × ⎛

⎝

1 − 1

√(1 + 𝑎2
𝑧2 )

3
⎞

⎠

(2.4)

Where:

Δ𝜎′𝑣,𝑧,𝑑: The calculated value of the effective stress increase at a depth 𝑧, in kPa;
𝑝gem,𝑑: The calculated value of the uniformly distributed load, in kPa;
𝑎: Radius of the circular load, in m;
𝑧: Depth, in m;

(Nederlands Normalisatie-instituut, 2017)

The deeper the stress is calculated, the lesser the increase in effective stress becomes. However, pile
groups might influence the stresses underneath each other. Since the load spreads, closely positioned
piles will also influence the stress increase underneath the other piles. This group effect will be further
investigated in Section 2.3.4 (Nederlands Normalisatie-instituut, 2017).

2.2.3. Immediate settlement
First the immediate settlement occurs within a few hours to a few days after the load is applied. This
is an elastic deformation where mostly the voids within the soil disappear and the pore water pressure
stays the same. The formula for the immediate settlement is:

Δ𝐷 = −(1 + 𝜈)(1 − 2𝜈)𝐸(1 − 𝜈) ∗ 𝑝 ∗ 𝐷 (2.5)

Where:

Δ𝐷 Compression of the soil layer;
𝜈 The Poisson’s ratio of the soil;
𝑝 The pressure or surface load that is applied;
𝐷 Thickness of the soil layer;
𝐸 The modulus of elasticity or Young’s modulus of the soil.

(Verruijt, 1999)
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The formula works for initial calculations, but assumes that the soil underneath the load is homoge-
neous and the soil is drained. This is often not the case and each layer should be looked at separately.
It is a 1D calculation of immediate settlement and therefore does not take into account shear stresses
and horizontal strains. The soil compression is also assumed to be fully reversible after the load is
taken away, which also is not the case. The soil layer expands back to around 10 % of its original
state. Reloading the soil will result in a lower change if the applied stress is lower than the earlier
experienced stress, see Figure 2.7.

Figure 2.7: Stress-strain relation of soil applied to loading, unloading and reloading (Verruijt, 1999)

2.2.4. Primary consolidation
After a short while the primary settlement (or primary consolidation) takes place. This process is caused
by the soil being compressed by a constant load, which leads to the water within the pores being ap-
plied to a constant stress, which leads to its expulsion over time. The so called hydrodynamic period
leads to an increase of the effective stress. This process is most significant at locations with more fine
grained soil, since this soil is weaker and the pores are smaller. The smaller pores make it more difficult
for the water to dissipate. (Huizinga, 1969)

The primary vertical settlement of the ground can be determined by the following formula:

𝑠1 =
𝑗=0

∑
𝑗=𝑛

𝐶𝑐;𝑗
1 + 𝑒𝑗

∗ 𝑑𝑗 ∗ 𝑙𝑜𝑔(
𝜎′𝑣;𝑧;0;𝑑 + Δ𝜎

′
𝑣;𝑧;𝑑

𝜎′𝑣;𝑧;0;𝑑
) (2.6)

Where:

𝑠1 is the primary settlement of the top of a layer, in meters;
𝐶𝑐;𝑗 is the value of the primary compression index of layer 𝑗;
𝑒𝑗 is the void ratio of layer 𝑗;
𝑑𝑗 is the thickness of layer 𝑗, in meters;
𝜎′𝑣;𝑧;0;𝑑 is the value of the vertical effective stress before loading for the middle of a layer at depth

𝑧, determined according to 6.6.2(f), in kPa;
Δ𝜎′𝑣;𝑧;𝑑 is the value of the increase in vertical effective stress for the middle of a layer at depth 𝑧,

determined according to 6.6.2(d), in kPa.
(Nederlands Normalisatie-instituut, 2017)

This formula determines the settlement at the top of one layer. (Nederlands Normalisatie-instituut,
2017)

In the Netherlands the method of Koppejan is often used. This method uses compression constants
𝐶′𝑝 and 𝐶′𝑠 for determining the settlement. The settlement formula of 𝑠1 then changes to:
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𝑠1 =
𝑗=0

∑
𝑗=𝑛

1
𝐶′𝑝;𝑗

∗ 𝑑𝑗 ∗ 𝑙𝑜𝑔(
𝜎′𝑣;𝑧;0;𝑑 + Δ𝜎

′
𝑣;𝑧;𝑑

𝜎′𝑣;𝑧;0;𝑑
) (2.7)

Where 𝐶′𝑝,𝑗 is the value of the primary compression constant of layer j, valid for load increases from the
yield stress, determined according to Chapter 3 of the NEN 9997. For normally consolidated soil, the
yield stress is equal to the existing vertical effective stress.

Note that the primary settlement is time dependent. However, the formula does not show any time
dependence. The value calculated with this formula is the final settlement due to the primary consoli-
dation.

2.2.5. Secondary consolidation
In clay and peat soils, the settlement process does not end after primary consolidation, but continues
at a slower rate. Most of the excess water has been consolidated and few water is left. Unlike primary
consolidation, which is governed by pore water dissipation, secondary consolidation is driven by the
gradual deformation and rearrangement of soil particles under sustained load. This process is how-
ever slower and linear on a logarithmic scale (Huizinga, 1969). The secondary consolidation can be
calculated with the formula:

𝑠2 =
𝑗=0

∑
𝑗=𝑛

𝐶𝑎;𝑗 ∗ 𝑑𝑗 ∗ 𝑙𝑜𝑔(
𝑡∞
𝑡1
) (2.8)

Or in the Netherlands where the method of Koppejan is often used:

𝑠2 =
𝑗=0

∑
𝑗=𝑛

1
𝐶′𝑠;𝑗

∗ 𝑑𝑗 ∗ 𝑙𝑜𝑔(
𝑡
𝑡0
) ∗ 𝑙𝑛(

𝜎′𝑣;𝑧;0;𝑑 + Δ𝜎
′
𝑣;𝑧;𝑑

𝜎′𝑣;𝑧;0;𝑑
) (2.9)

Where:

𝑠2 is the secondary settlement of the top of a layer, in meters;
𝐶′𝑠;𝑗 is the value of the secondary compression index of layer 𝑗;
𝑑𝑗 is the thickness of layer 𝑗, in meters;
𝑡 is the duration in days. For the final settlement, 𝑡 = 10, 000 days is used;
𝑡0 is the time unit, 𝑡0 = 1 day;
𝜎′𝑣;𝑧;0;𝑑 is the value of the vertical effective stress before loading for the middle of a layer at depth

𝑧, determined according to 6.6.2(f), in kPa;
Δ𝜎′𝑣;𝑧;𝑑 is the value of the increase in vertical effective stress for the middle of a layer at depth 𝑧,

determined according to 6.6.2(d), in kPa.
(Nederlands Normalisatie-instituut, 2017)
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2.2.6. Non-linearity of soil compression
Soil exhibits inherently non-linear and non-elastic behaviour under compressive loading. Unlike ideal
elastic materials, where stress and strain follow a proportional relationship, soil deformation depends
on various factors such as stress history, loading rate, and soil composition (Verruijt, 1999).

In naturally occurring soil deposits, pre-existing stresses from overlying layers influence the non-linear
response. Since deeper soil layers experience higher initial stresses due to the weight of the over-
burden, their stiffness is typically higher. This relation can be seen in the formulas for primary and
secondary consolidation, where the pre-existing effective stress plays a big part in the determination
of the settlement.

Figure 2.8: Non-linear stress-strain curve of soil

A stress-strain relationship for soil usually follows a non-linear curvature, as shown in Figure 2.8. At
lower stress levels, the material exhibits relatively small strains, but as the applied stress increases,
the corresponding strain grows at an accelerated rate. This means that the same increment in stress
results in higher strains at larger stress levels compared to smaller levels. This behaviour shows that as
deformation increases, the soil gradually loses stiffness. Which is especially relevant for foundations
that need to deal with soil that is susceptible for settlement, since a foundation that has to deal with
higher stresses also risks larger differential displacements between elements.
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2.3. Helical piles
In chapter 2.1 short foundation piles are addressed. These piles combine the skin friction and the
bearing surface to obtain their bearing capacity. Two types of helical pile designs are an isolated
helical plate welded to a central shaft or continuous screw type piles. Each one focuses on one of the
resistances while keeping the benefit of being an easy to install, retrievable pile.

2.3.1. Typology of short foundation piles
A short foundation pile can consist out of different materials like concrete, grout, wood, etc. For the pile
to be retrievable and reusable it has to be made out of steel. For the steel foundation piles there are
two options that can be used.

The first option is to focus fully on the friction between the shaft and the soil by using a screw shaped
pile. The threaded surface of the pile improves the soil interaction surrounding the shaft. It creates
additional areas of bearing pressure and more friction surface, see figure 2.9 (Karami et al., 2023).

Figure 2.9: Mechanics of a screw type pile

The other pile type consist of a steel cylindrical element with a helix at the bottom that provides a surface
for the vertical forces to spread out. With a smaller shaft diameter the friction force will be lower, but
in return a higher end bearing capacity is obtained. The pile is more close to shallow foundation than
to friction piles. It uses the existing effective stress at deeper soil layers to obtain a more stability and
lesser settlement compared to a footing at the surface of the soil.

Figure 2.10: Attributes of a helical pile Figure 2.11: Example of helical piles (Farhad Nabizadeh,
2017)

Both types are applicable for this research. However, the pile with the helical plate has some benefits
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over the screw shaped pile. Mainly, the simplicity, the fewer amount of steel needed and the ability
to improve the pile by adding more helices, makes the helical pile more suited for this research. The
last point will be expanded on in Paragraph 2.3.3. The main disadvantage of using these piles is the
difficulty of installing them in stiff soils like sand. This study focuses on the placement of these piles in
softer soils and therefore this will not be a problem (Karami et al., 2023).

2.3.2. Capacity of a helical pile

Figure 2.12: Short pile resistance (Prakash &
Sharma, 1990)

For this research, two capacities are important: The
short term capacity (for load that occur over a short
period of time) and the long term capacity (for loads
that occur over a long time). The upcoming formu-
las will use the undrained shear strength 𝑆𝑢 to calcu-
late the capacity. Depending on the duration of the load,
this value changes. The value of 𝑐𝑢 can be used for
the short term capacity calculations, while for the long
term capacity the drained shear strength 𝑇 should be
used. For the long term capacity, the pressure from
the surplus of pore water pressure has dissipated and
it has to rely on drained conditions. How to calcu-
late the drained shear strength is shown in equation
2.28.

The bearing capacity of a helical pile is obtained by the two
earlier mentioned mechanisms. The surface area of the he-
lix spreads out the load to a more desired stress level for the
underlying soil. In literature the helix capacity in weaker soil
can be obtained by the following formula:

𝑞ℎ = 9, 25 ∗ 𝑠𝑢 (2.10)

Besides the resistance obtained from the helix, a resistance can be obtained by the shaft of the pile.
When a pile is embedded in homogeneous soil, it tends to move downward under load, but the sur-
rounding soil does not. This creates friction between the shaft and the surrounding soil, leading to an
extra resistance of the pile. The shaft resistance can be obtained by using the following formula:

𝑓𝑠 = 𝛼 ∗ 𝑠𝑢 (2.11)

Where 𝑠𝑢 is the undrained shear strength of the soil and 𝛼 is a factor for drilled shaft foundations:

𝛼 = 0, 4 ∗ [1 − 0, 12 ∗ 𝑙𝑛(𝑠𝑢/𝑃𝐴)] (2.12)

With 𝑃𝐴 being the atmospheric pressure (Shuman et al., 2022).
The capacity of an individual helix is confirmed in the practical guide for helical piles (Perko, 2009).
The resistance is determined with the following steps:

𝑃𝑢 =∑
𝑛
𝑞𝑢𝑙𝑡 ∗ 𝐴𝑛 (2.13)

Where 𝑞𝑢𝑙𝑡 is a modified version of the bearing capacity formula by Terzaghi. The updated formula
includes the shape factor of the bearing element and the depth. The formula for can be written as
follows:

𝑞𝑢𝑙𝑡 = 𝑐𝑁𝑐𝑠𝑐𝑑𝑐 + 𝑞′ ∗ (𝑁𝑞𝑠𝑞𝑑𝑞 − 1) + 0.5𝛾𝐷𝑁𝛾𝑠𝛾𝑑𝛾 (2.14)

Where:
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𝑞𝑢𝑙𝑡 is the ultimate bearing pressure;
𝑐 is the cohesion 𝑐𝑢 for short term and drained shear strength 𝑇 for long term;
𝑞′ is the effective overburden stress at the bearing depth;
𝛾 is the soil unit weight;
𝐷 is the diameter of the helical plate;
𝑁𝑐, 𝑁𝑞 and 𝑁𝛾 are the bearing capacity factors;
𝑠𝑐, 𝑠𝑞 and 𝑠𝛾 are the shape factors;
𝑑𝑐, 𝑑𝑞 and 𝑑𝛾 are the depth factors.

The bearing capacity, shape and depth factors are determined by the following formulas:

𝑁𝑞 = 𝑒𝜋 tan(𝜙) ∗ tan2 (45 + 𝜙2 ) (2.15)

𝑁𝑐 = (𝑁𝑞 − 1) cot𝜙 (2.16)

𝑁𝛾 = (𝑁𝑞 − 1) tan (1.4𝜙) (2.17)

𝑠𝑐 = 1 +
𝑁𝑞
𝑁𝑐
𝐵
𝐿 (2.18)

𝑠𝑞 = 1 +
𝐵
𝐿 tan𝜙 (2.19)

𝑠𝛾 = −+ 0.4
𝐵
𝐿 (2.20)

𝑑𝑐 = 1 + 0.4𝐾 (2.21)

𝑑𝑞 = 1 + 0.2𝐾 tan𝜙 ∗ (1 − sin𝜙)2 (2.22)

𝑑𝛾 = 1 (2.23)

𝐾 = arctan(𝐻𝐵 ) (2.24)

Where:
𝐵 is the width of the bearing element (in this case 𝐵 = 𝐷);
𝐿 is the Length of the foundation element;
𝐾 is a scaling parameter;
𝜙 is the angle of internal friction of the soil.

When the piles are placed in fine-grain soil for a short period of time, the value of 𝜙 is equal to 0. The
equation can be simplified to:

𝑞𝑢𝑙𝑡 = 9𝑠𝑢 (2.25)

A similar equation as equation 2.10.

The book gives a simplified equation for the shaft resistance.

𝑓𝑠 = 𝛼𝐻(𝜋𝑑) (2.26)

Where:
𝛼 is the adhesion between the soil and the shaft;
𝐻 is the length of the helical pile above the helix;
𝑑 is the diameter of the shaft;

The adhesion is determined as followed:
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𝛼 = 2/3𝑇 (2.27)

𝑇 = 𝑐′ + 𝜎′𝑛 tan𝜙 (2.28)

Where:
𝑇 is the drained shear strength;
𝑐′ is the effective cohesion;
𝜎′𝑛 effective confining stress;

According to Bowles (Perko, 2009), a conservative value for the 𝑇 of a helical pile in in undrained
fine-grain soils, can be given by Formula 2.29.

𝑇 = 𝑠𝑢 (2.29)

When comparing the helix and shaft resistance to one another, a significant difference can be seen. The
dimensions of the pile consist of a small shaft diameter and a large helix diameter at the bottom. This
leads to the shaft surface of the pile being relatively small, which leads in turn to the shaft resistance
having little influence on the total capacity of the pile. However, for smaller loads the shaft resistance
might be beneficial for the final design, since it reduces the loads used for calculating settlements.

2.3.3. Improvements of a helical pile
Different design changes can be made to the pile for improving its capacity. Options of changing the
shaft or helix diameter are obvious adjustments. The same counts for making longer piles to reach
deeper layers.

Adding helices can also be used to improve the piles capacity. How the pile will act, is related to the
spacing between the helices. If the ratio 𝑆ℎ/𝐷 (Spacing of helix / Helix diameter) is higher than 1.5,
the helices can be seen as an individual bearing failure mechanism. If the spacing is smaller than this
ratio, the soil between the helices will act as a cylinder that shears with the surrounding soil (Türedi &
Örnek, 2020). It basically acts as a large shaft. Figure 2.13 demonstrates this effect.

Figure 2.13: Two failure mechanisms of a multi-helix piles: (a) cylindrical shear failure; (b) individual bearing failure (Jahanshahi-
nowkandeh & Choobbasti, 2021)

Despite increasing the capacity of the pile, the improvements come at a cost of using more material,
increasing the weight and creating more torsional resistance. The latter makes the piles make it more
difficult to install the piles and more heavy equipment might be needed. Decisions of increasing the
capacity should take this into account.
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2.3.4. Group effect of a helical pile
Placing piles near to each other can cause an interaction between them where the stress fields inter-
cept. An example of this can be seen with pile driving. When a long foundation pile is driven into the
ground, the soil surrounding the pile has an increase in stress. Placing another pile next to it will not be
as easy. The helical piles are screwed into the ground. This minimizes the increase in pressure and
the piles do not influence the construction phase.

Figure 2.14: Short
pile resistance (Ja-
hanshahinowkandeh &
Choobbasti, 2021)

The efficiency of a foundation can either increase or decrease by group-
ing the foundation piles. The grouping of piles will increase the soil
stress underneath the pile group. In sandy soil this is a bene-
fit. The bearing capacity of the soil increases while the deformations
stay minimal due to the properties of the sandy soil. However, in
clayey soils the increases soil stress becomes a problem. A higher
stress will lead to higher deformations than with individual piles. An-
other mechanism that can occur is called block failure. This hap-
pens when the stress in the soil between the helical piles becomes
too high and fails. Figure 2.14 shows a schematising of this mecha-
nism.

To make sure the helical piles have individual failure mechanisms, an appropri-
ate distance should be used between them. Research shows that in clayey soil
the spacing ratio should be 𝑆ℎ = 2𝐷 for the individual pile failure mechanism
to be critical. Figure 2.15 shows the displacement of three different pile groups
with each a different 𝑆𝑝/𝐷𝑝 ratio.

Figure 2.15: Vertical displacement contours of helical piles subjected to axial compressive loading in clayey soil for inter-helix
spacing ratios of (𝑎)𝑆/𝐷𝑝 = 1.05, (𝑏)𝑆/𝐷𝑝 = 2, and (𝑐)𝑆/𝐷𝑝 = 3 (Jahanshahinowkandeh & Choobbasti, 2021)

.

The figure shows a distinct difference in behaviour between situation 𝑎 and 𝑏. Other research also
shows similar settlement ratio with a spacing ratio of 2D and 3D (Elsherbiny & Naggar, 2013). Note
that the results from these researches are based on piles with multiple helices. If the helices are located
in sandy soil, the ratio also changes to 𝑆/𝐷𝑝 = 3.

Beyond the effect of multiple helical piles on the bearing capacity, the settlement behaviour also changes.
Underneath the bearing plate the eads out through the soil, see Figure 2.6. When piles are positioned
close to each other, their stress fields overlap, leading to a greater stress increase in the soil compared
to an isolated pile. In sandy soils, increased confinement from adjacent piles enhances stiffness and
reduces settlement. In contrast, in clayey soils, closely spaced piles may result in increased settlement
due to higher stress-induced pore water pressures and subsequent consolidation.
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2.4. Risks of allowing settlement
In construction design, the avoidance of settlement is for good reason. While minor settlement is natural
over time, excessive or uneven settlement can cause problems for the construction. Avoiding significant
settlement is a normally top priority in construction design because it ensures the safety, functionality,
and durability of buildings. This part will go deeper into of the risks of allowing settlements.

2.4.1. Total settlement
The total settlement of a structure (𝛿) is defined as ”the change in foundation elevation from the original
unloaded position to the final loaded position” (Prakash & Sharma, 1990). See Figure 2.16.

Figure 2.16: Total settlement in a spread footing foundation (Prakash & Sharma, 1990)

When a structure start to settle evenly, it does not mean that structural problems will occur. However,
the structure might experience other challenges such as:

• Connections to other structures: When structures settle at a different rate, the connections
between the two structures can be damaged. Another example is when an existing structure is
extended, the newly added part can settle at a different rate. At the start, the floors of beams will
be at the same height, but after some time passes they can be misaligned.

• Utility problems: Utility lines such as electronic cables or water pipes are installed at the begin-
ning of the structures lifetime, often underneath the ground surface. When a structure starts to
settle at a large rate, the connections can be distorted. This issue is particularly problematic for
gravity-driven systems like sewers.

• Surface water: To prevent rainwater from entering, the ground floor of a building should be
slightly elevated compared to the surrounding terrain. After settlement, a former good building
design, might not fulfil this requirement anymore.

• Aesthetics: Even if the structural integrity or functionality of the building remains unaffected,
noticeable settlement can create unsightly appearances, impacting the structure’s overall aes-
thetics. A window just above the ground level, might not be as one imagined before investing in
the building.

(Prakash & Sharma, 1990)

All these issues can be avoided with a proper design. Several buildings are still in service even after
experiencing large total settlements. However, most of the time extensive settlements are avoided.
The Eurocode gives the following guideline on total settlement to ensure the safety and quality of con-
structions:

”The total settlement of a construction cannot be more than 50 mm unless the relative rotations are still
acceptable afterwards in addition to the settlements not causing problems for the pipes and electronic
failures.” (Nederlands Normalisatie-instituut, 2017)
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2.4.2. Differential settlement
A structure that moves down perfectly vertical, will not cause structural problems. There are no addi-
tional stresses that occur due to the total settlement. Differential settlement do cause extra stresses to
occur. Differential settlement is when different parts of a structure settle at varying rates or to different
extents, leading to uneven support of the building. This uneven settling is influenced by several factors,
such as:

• Variations in soil composition: If a building is constructed on a site with multiple soil types—
such as sand in one area and clay in another—the different compressibility and load-bearing
capacities of these soils will cause sections of the building to settle at different rates.

• Uneven load distribution: When the building’s weight is not evenly distributed across the foun-
dation. For instance, if one part of the building carries heavier loads—such as machinery or a
taller section of the structure—this area may exert more pressure on the soil, causing it to settle
more compared to the lighter sections.

• Difference in foundation elements: One support can be stiffer than another one, which leads
to a lesser deformation of the rigid support. This mostly occurs with building expansions.

• Construction rigidity: A rigid superstructure can spread out the load better than a less rigid one.

• Position: The position of the structure in relation to other structures.

(Arapakou & Papadopoulos, 2012)

These differential settlements are mostly avoided. Constructions are calculated with fixed supports
and the foundation is designed to not exceed the norm. When excessive settlement take place, these
supports can displace vertically at different rates, which in turn can lead to tilt within the structure. In
regulations the differential settlement are measurable by looking at tilt and the relative rotation of the
structure elements.

• Relative rotation (𝛽): The angular displacement between different parts of a structure, indicating
that one part of the structure has rotated relative to another.

• Tilt (𝜔): The overall inclination of the structure from its original vertical or horizontal alignment. It
represents the movement of the entire structure as it leans or inclines to one side.

Figure 2.17: Definition of relative rotation (𝛽) and tilt (𝜔)

For these settlements different requirements have been constructed by the Netherlands Standardiza-
tion Institute (NEN). The limit for ultimate limit state (ULS) type B is often set to a maximum relative
rotation (𝛽) of 1:100. For residential buildings, in general, the limit for the serviceability limit state (SLS)
is that the tilt (𝜔) and/or relative rotation (𝛽𝑥) should not exceed a value of 1:300. The standardization
helps to ensure the quality and safety of constructions.
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The standardized regulations make sure that a building is comfortable to live in and that the stress build
up will not become too large.

Finally, the NEN also proposes another solution for the construction grant safety and not needing to
keep the relative rotations in mind. The rule states:

”If it has been shown from the calculation based on the applied mechanics and the properties of the
materials used that, when one pile or group of piles of the cooperating piles under a rigid part of the
building structure (beam, wall, etc.) is removed, the settlement (for piles under compression) or the
uplift (for piles under tension) of the building structure at the location of the removed pile or pile group,
relative to the adjacent pile or pile group, is less than or equal to 5 mm under the influence of the
prescribed load combinations in the serviceability limit state according to 2.4.2, then a building or part
thereof may be considered rigid.”

This rule comes down to the building being really stiff and therefore assumes large relative rotations
cannot occur (Nederlands Normalisatie-instituut, 2017).

2.4.3. Settlements in relation to the superstructure
In the last section, the influence of rigidity is said to influence the differential settlement of a structure.
This can best be explained by an example.

A beam supported at three locations is loaded equally by 𝑞. The middle support fails and the system
changes to a beam on two supports. The higher the stiffness of the beam, the less impact the failed
support has on the deformations of the beam.

Figure 2.18: Beam undergoing failure of the middle support

Improving the stiffness of the construction elements comes at the cost of minimal usage of materials.
Larger dimensions or stiffer materials have to be used to achieve a rigid structure. Proper design does
also play a big role.

A study from Angeliki E. Arapakou and Vasileios P. Papadopoulos researched the influence of rigidity
on differential settlements in a structure. A typical five-span frame building with varying stiffness was
analysed in 2D using the finite element numerical method. Some conclusions can be obtained from
this research:

• Amore rigid superstructure leads not only to less differential settlement, but also to less settlement
overall in compressible soil.

• Critical stress values within the structure could be reached due to differential settlements, even
when the value of differential displacement is below the limiting value of 1/150.
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• Reduced rigidity leads to lower bending moments within the structure.

(Arapakou & Papadopoulos, 2012)

Figure 2.19: Finite element model of a typical multi-story building (Arapakou & Papadopoulos, 2012)

2.5. Conclusion foundation design
There is a large variety of foundation designs in the Netherlands. The use of long piles ensures sta-
bility, but comes with higher material costs and sustainability considerations. Shallow foundations and
preloading techniques offer alternative solutions for certain lightweight projects, but are not suitable for
locations large layers of soft soil. Short helical piles offer a balanced solution, providing greater en-
vironmental and economic benefits compared to traditional deep foundations, while still experiencing
significant settlement.

The helical pile takes the vertical load from the superstructure to a deeper layer in the soil that has
a higher existing effective stress. This will reduce the settlement and obtains a capacity the deeper
the footing is positioned underneath the surface. The piles can be improved by adding multiple helical
plates that can act in two different ways depending on the spacing between them. The piles have to
be placed at minimal distance of 2 times the diameter in clay soil for minimizing pile interaction and
maximizing the load-bearing efficiency.

Applying these foundation piles in clay soil will cause large settlements in comparison to placing plac-
ing them in sandy soil. The settlements of a pile can differ due to a difference in loading, variation in
soil composition, difference in foundation elements, construction rigidity and position. These total- and
differential settlements can cause not only cause functional problems, but structural problems as well.
Norms have been created to regulate settlements of a building ensure these problems are avoided. To-
tal settlement of a construction cannot be more than 50 mm unless the relative rotations are acceptable
and the settlement do not cause any problems with pipes and electronics. Furthermore, the relative
rotation and tilt of a structure should not exceed 1:300 in the serviceability limit state (SLS).

The structural feasibility of this structure is therefore dependent on the differential settlements between
the supports. The design of the superstructure can influence these differential settlements. A stiffer
structure is able to redistribute the loads more evenly to the foundation compared to a less stiff struc-
ture. In addition does a more rigid superstructure reduce the overall settlement of a structure since
the maximum support load is decreased. This will however increase the stresses within the structural
elements and increase the material needed.
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Wood is unique construction material with its own properties and limitations. While steel and concrete
are celebrated for their uniformity, strength, and durability, wood stands out for its natural origin and
environmental benefits. This chapter explores the history of timber structures, their unique properties,
the different design aspects that should be taken into account in a timber structure, and how different,
modular wall systems can be implemented to resist differential displacements.

3.1. History
Wood has been a fundamental building material for thousands of years. It has shaped the built envi-
ronment from ancient civilizations and is still used widely in modern constructions. Its workability, and
versatility made it a natural choice for early builders, enabling the creation of a wide range of structures
from simple shelters to complex temples and fortresses. With the rise of concrete and steel in struc-
tures, wood was less necessary in constructions. These materials were stronger and stiffer than wood,
so larger and more efficient buildings could be realised.

In recent times, the unique advantages of wood are being recognized once again. As a renewable re-
source, sustainable forestry practices ensure a continuous supply of wood. Additionally, wood absorbs
carbon dioxide during its growth, making it a climate-friendly building material. Its high strength-to-
weight ratio makes it an ideal choice for structures where weight reduction is essential. Consequently,
wood is re-emerging as a vital material in contemporary architecture and construction, valued for its
environmental benefits and structural capabilities.

Figure 3.1: Fiber direction in wood (Forest Products
Laboratory, 2021)

This does not mean all aspects of using wood as a con-
struction material are positive. Unlike steel and concrete,
wood is composed out of fibres. This leads to its mechan-
ical properties depend on the direction of the load relative
to the fibre. The directions of the fibres play therefore a big
role in the capacity of the element which makes it harder
to calculate with. Furthermore wood can vary a lot in its
properties. Since it is an organic material the properties
are influenced by the species, growing conditions, and pro-
cessing methods. Natural defects such as knots, splits, and
checks can weaken wood and let the capacity vary between
two elements that are designed with the same dimensions.
The durability of wood must be carefully considered, as it
is susceptible to biodegradation by fungi, bacteria, or insect
attacks. Moreover, its mechanical properties are influenced
by moisture content, which can affect its performance (Forest Products Laboratory, 2021).

25
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3.2. Design considerations of solid sawn, glulam, and hardwood
As stated in the last section, wood is one of the oldest building materials. Over time, a wide range
of wood products have been developed, each with their own advantages and disadvantages. This
section explores three key wood typologies: solid sawn wood, Glued laminated timber (Glulam), and
hardwood. Each one having their own properties on strength, resistance to humidity, size options,
sustainability, and cost.

3.2.1. Solid Sawn Wood
Solid sawn wood is derived from directly sawing logs into specific dimensions. Its natural strength and
widespread availability make it a popular choice in construction (Forest Products Laboratory, 2021).

• Strength: The Timber Engineering book (Blaß, H. J., & Görlacher, R., 2017) notes that the
mechanical properties of solid wood are highly variable, depending on natural factors like knots,
grain orientation, and density. This variability can lead to less predictable performance compared
to engineered wood products.

• Humidity Resistance: The Wood Handbook (Forest Products Laboratory, 2021) highlights that
solid wood is hygroscopic, meaning it absorbs and releases moisture based on environmental
conditions. This often results in warping, twisting, or shrinking unless the wood is properly pro-
tected.

• Size Options: The size of solid sawn wood is limited by the dimensions of the source tree, making
it less suitable for large-span or heavy-load applications(Blaß, H. J., & Görlacher, R., 2017).

• Sustainability: TheWood Handbook emphasizes that while solid wood is a renewable resource,
harvesting large-diameter logs can lead to deforestation and ecological harm. Smaller diameter
beams are mostly sustainable.

• Cost: Solid sawn wood is typically the most affordable option due to its straightforward process-
ing. However, prices can vary significantly based on species and grade. High-quality or large-
dimension lumber can be costly due to limited availability (Forest Products Laboratory, 2021).

3.2.2. Glulam (Glued Laminated Timber)
Glulam is an engineered wood product made by bonding multiple layers of timber with high-strength
adhesives. It is specifically designed to overcome the limitations of solid sawn wood in structural ap-
plications.

• Strength: Glulam achieves superior strength and stiffness by distributing imperfections across
laminated layers. This results in higher load-carrying capacity and greater resistance to bending
compared to solid wood (Blaß, H. J., & Görlacher, R., 2017).

• Humidity Resistance: The Wood Handbook notes that glulam exhibits improved dimensional
stability, making it less prone to warping or shrinking in humid environments. Proper sealing and
treatment further enhance its performance.

• Size Options: Glulam can be manufactured in a wide range of sizes and shapes, including long
spans and curved forms, making it highly versatile for architectural and structural applications
(Blaß, H. J., & Görlacher, R., 2017).

• Sustainability: According to theWood Handbook, glulammakes efficient use of wood by utilizing
smaller, fast-growing trees. However, the adhesives used in its production may contribute to
environmental impacts, which should be considered.

• Cost: Glulam is more expensive than solid sawn wood due to its manufacturing complexity and
the use of adhesives. However, its ability to span longer distances and its structural efficiency
can reduce the overall material needed, potentially lowering total project costs (Forest Products
Laboratory, 2021).
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3.2.3. Hardwood
Hardwoods are derived from broadleaf trees and are highly valued for their strength, durability, and
natural resistance to humidity. The hardwood species are more suited for structures in challenging
environments.

• Strength: Hardwoods are exceptionally strong and durable. The Timber Engineering book (Blaß,
H. J., & Görlacher, R., 2017) highlight that their dense grain structure allows for high load-bearing
capacity, making them ideal for structural and demanding applications.

• Humidity Resistance: The Wood Handbook points out that many hardwood species, such as
Teak and Iroko, are naturally resistant to moisture and decay due to their dense grain and high
oil or tannin content. This makes them suitable for humid environments, including outdoor and
marine applications.

• Size Options: Hardwoods are often available in moderate dimensions, limited by the size of
the source tree. However, their inherent strength allows for smaller cross-sections in structural
applications while maintaining performance (Blaß, H. J., & Görlacher, R., 2017).

• Sustainability: The Wood Handbook underscores the importance of sustainable sourcing for
hardwoods, as their slower growth rates and high demand can lead to overharvesting. Defor-
estation is shown to be a large problem in southern continents such as Africa and South America,
due to the larger amount of trees being cut in comparison to the amount of trees planted (Blaß,
H. J., & Görlacher, R., 2017).

• Cost: Hardwoods are generally the most expensive option due to their density, durability, and
slower growth rates. Exotic species like Teak and Ipe are particularly costly but offer unparalleled
performance in humid environments (Forest Products Laboratory, 2021).

3.2.4. Summary
Solid Sawn Wood

• Strength: Variable, depends on natural defects.

• Humidity Resistance: Prone to warping and shrinking.

• Size Options: Limited by tree size.

• Sustainability: Renewable but needs responsible sourcing.

• Cost: Most affordable option.

Glulam (Glued Laminated Timber)

• Strength: High, due to engineered structure.

• Humidity Resistance: Stable and resistant with proper treatment.

• Size Options: Customizable, large spans possible.

• Sustainability: Efficient use of wood resources, can be manufactured with small trees.

• Cost: Moderate to high.

Hardwood

• Strength: Very strong and durable.

• Humidity Resistance: Naturally resistant.

• Size Options: Moderate, but strong in small sections.

• Sustainability: Requires responsible sourcing.

• Cost: High, especially exotic species.
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3.3. Structural implications of timber elements
As mentioned in the section before, the strength of wood depends on the direction of the load making
it a heterogeneous material. In addition to this can wood samples with similar physical characteristics
differ in their mechanical properties. The Eurocode accounts for this variability through safety factors
and design measures.

3.3.1. Design factors
The safety measures taken by implementing different factors and considerations can be characterised
as followed:

• Characteristic strength: The characteristic strength, 𝑓𝑘, is defined as the 5th percentile of the
tested strength values for timber. This conservative approach ensures that only 5% of thematerial
is expected to have a lower strength than the given value:

• Partial safety factor: The Eurocode applies partial safety factors to reduce the characteristic
strength of wood to a design value. For timber elements, 𝛾𝑀 accounts for uncertainties in material
properties, such as variability in strength and the effects of defects.

• Service Classes and Environmental Conditions: The Eurocode accounts for the influence of
environmental conditions on wood properties. t defines service classes based on expected con-
ditions of use, which influence the strength modification factors applied in design. For example:

– Service Class 1: Dry environments (e.g., indoors).
– Service Class 2: Moderately humid environments.
– Service Class 3: Wet or outdoor environments.

• Modification factor: Wood strength varies with the duration of the applied load and the moisture
content. The Eurocode introduces the modification factor, 𝑘𝑚𝑜𝑑, to adjust for this.

The design value 𝑋𝑑 of a strength property must be calculated with the following equation:

𝑋𝑑 =
𝑘mod ⋅ 𝑋𝑘
𝛾𝑀

(3.1)

Where 𝑋𝑑 is the characteristic value of a chosen strength property (Nederlands Normalisatie-instituut,
2011).

3.3.2. Decay prevention
Wood being an organic material, makes it vulnerable to various forms of decay. It is susceptible to
decay from fungi, insects, moisture and more.

Fungal decay is caused the development of fungi. The most common fungal decay are brown rot and
white rot, based on the colour of the rotten wood. These fungi break down the cell structures of wood
to grow which leads to the loss of structural capacity of the wood. These fungi thrive in moist environ-
ments and can lead to rapid decay under the right conditions.

To prevent fungal decay there are several options. Structural wood should be dried beforehand and kept
dry. This means preventing the wood from getting in contact with rain, condensation or wet ground.
Elevating the foundation to a proper level above the ground, implementing design features such as
overhangs and the use of protective coating, are all design measures that can achieve this.
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Figure 3.2: Representative examples of four
common types of fungal growth on wood: (a)
mold discolouration; (b) brown rot in pine; (c)
white rot in maple; (d) soft rot in a preservative-
treated pine utility pole. (Forest Products Labo-
ratory, 2021)

In Figure 3.2 four common types of fungal growth on
wood are shown: (a) mold discolouration; (b) brown
rot in pine (characterized by dark colour and cubical
cracking); (c) white rot in maple (distinguished by its
bleached appearance); (d) soft rot in a preservative-
treated pine utility pole (showing shallow surface de-
cay).

Elevating the foundation helps with more than just fungi, it
also prevents insects from reaching the foundation. Termites
and other insects are also a challenge for wooden structures.
Termites consume wood, while beetles and ants bore into
wood, creating tunnels and weakening its structure. The wood
can also be treated chemically to prevent an insect infesta-
tion.

Like said earlier, water infiltration can make the wood suscep-
tible to fungal decay, but it also influences other degradation
processes. Repeated cycles of wetting and drying cause wood
to expand and contract, leading to warping, cracking, and split-
ting. Extreme temperatures can exacerbate issues related to
degradation processes due to moisture. The best way of treat-
ing the wood is preventing the exposure to excessive moisture
content. Ensure that wood components are adequately venti-
lated to allow moisture to escape. If this does happen, water
will infiltrate the wood and start degradation processes. Figure
3.3 shows examples of this mechanism and the solution.

Figure 3.3: Wooden element design implementations preventing water locking (Trutalli, 2017)

Finally, wood being water-logged can also be the solution to degradation. Wood decays at a slower rate
when there is a lack of oxygen, so when wood does not get exposed to air and stays underneath the
ground water level, it is protected to fungi and bacteria. This is the reason why the wooden foundation
piles in cities like Amsterdam are still functional (Forest Products Laboratory, 2021).
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3.4. Wall systems
The construction of modular timber buildings partly depends on the selection of an appropriate wall
system, which plays a critical role in meeting structural, thermal, and regulatory requirements. The
wall guides the vertical loads to the foundation, but can also help in achieving a higher stiffness of the
structure. Two primary types of wall systems commonly used in modular buildings are timber frame
panels and Cross-Laminated Timber (CLT) walls. Each has its own characteristics and advantages
that make them suitable for different modular building applications.

3.4.1. Modular wooden buildings
Using the wooden panels as a wall makes it resistant to more than only vertical loads. The mechanisms
that contribute for deformations of a wall are bending, shear, sliding and rocking, see Figure 3.4.

Figure 3.4: Four mechanisms of wall deflections (Mol, 2023)

The effects of these for mechanisms can be treated independently. Although they interact with each
other, the additional deflections are too small to play a significant part in the total deflection.

ΔTotal = ΔBending + ΔShear + ΔSliding + ΔRocking (3.2)

The stiffness of the wall can be schematized as four springs in series.

𝑘Total =
1

1
𝑘Bending

+ 1
𝑘Shear

+ 1
𝑘Sliding

+ 1
𝑘Rocking

(3.3)

The stiffnesses for sliding and rocking are more difficult to predict due to their dependence on the con-
nections between the panels. However, they can play a large part in the total displacements in systems
with multiple elements (Brandner et al., 2018). In the case of differential settlement, these mechanisms
are important. The schemes stay the same, but sideways. With the mechanisms it is important to take
into account the connections between the panels. Dowels and bolts are common practice for connect-
ing wooden elements with the capacity depending on the wooden properties, and the properties and
positioning of the connecting elements. The connections between wall panels make up the sliding and
rocking stiffness of the wall by preventing the panels to move independently.
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Figure 3.5: Mechanisms on a wall system imposed to differential settlement

3.4.2. CLT wall panels
Cross-laminated timber (CLT) is a construction material, consisting of layered wooden planks glued at
right angles to create high-strength panels, see Figures 3.6 and 3.7. The distinctive quality of CLT lies
in its capacity to form large, rigid surface panels with significant load-bearing and stabilizing properties.
These panels, often used in walls and floors, provide essential structural support and improve thermal
and fire safety in building designs. (The CLT Handbook, 2019)

Figure 3.6: CLT panel Figure 3.7: CLT fibres

Mechanics CLT wall
The different directions of the fibres in the CLT plate makes it have orthotropic properties. The pan-
els consist of uneven amounts of layers, this makes the panel symmetric in its plane. However, one
direction therefore has more strength than the other and is calculated differently. Figure 3.9 gives a
schematisation of the different axes that are important for calculations in CLT.

Figure 3.8: Definition of aces and denomination of forces

Figure 3.9 explains the multiple stresses that can occur within a CLT plate and which stresses need to
be calculated in each direction (Brandner et al., 2018).
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Figure 3.9: Definition of aces and denomination of forces

Properties CLT panel
The CLT panels will be modelled in SCIA Engineer. This software recommends using the properties of
strength class CL24 that can be found in Table N.1 of the Eurocode 1995-1-1. The values are based
on strength class C24, which is commonly used for the production of CLT panels.

Table 3.1: Mechanical properties of CLT frames with wood class C24 (Nederlands Normalisatie-instituut, 2011)

Property Symbol Unit Strength Class C24
Bending strength (Out of plane loading) 𝑓𝑚,𝑘 N/mm2 24
Tensile strength (In-plane loading) 𝑓𝑡,0,𝑘 N/mm2 14
Tensile strength (Perpendicular to plane) 𝑓𝑡,90,𝑘 N/mm2 0.1
Compressive strength (In-plane) 𝑓𝑐,0,𝑘 N/mm2 21
Compressive strength (Perpendicular to plane) 𝑓𝑐,90,𝑘 N/mm2 2.5
Shear strength (Out of plane loading) 𝑓𝑣,𝑘 N/mm2 3.5
Rolling shear strength 𝑓𝑟,𝑘 N/mm2 0.7
Modulus of elasticity (In and out of plane) 𝐸0.05 N/mm2 11000
Modulus of elasticity (Perpendicular to plane) 𝐸90,mean N/mm2 370
Shear modulus (Out of plane loading) 𝐺mean N/mm2 650
Rolling shear modulus 𝐺90,mean N/mm2 50

3.4.3. Timber frame wall
Timber Frame Panels are lightweight, versatile wall assemblies that typically consist of a wooden frame-
work filled with insulation and covered with sheathing materials. These panels offer flexibility in design
and are relatively easy to manufacture, transport, and assemble, making them ideal for modular con-
struction. Their lightweight nature allows for quicker installation and reduces the need for heavy-duty
lifting equipment on site (D’Amicoa et al., 2016).

Mechanics timber frame wall
The main difference between a CLT wall and a timber framed wall is the stability mechanisms. The
framework of the wall is not able to resist large amount of deformations. The timber frame is used to
with stand the vertical loads and will struggle with other types of load, due to the horizontal stability
depending on the connections between the slabs.

This horizontal resistance is obtained by the plate attached to the timber frame. This frame acts the
same as the CLT elements that resist the bending and shear within the panel, but to a smaller degree.
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Figure 3.10: Schematisation timber framed wall (D’Amicoa et al., 2016)

Figure 3.11: Stability timber frame vs timber frame with OSB plate

The most economical panels consist out of Oriented Strand Board (OSB), an engineered wood product
made from strands of wood that are oriented in specific directions and then bonded together. There are
several types of OSB available, each designed for different applications based on their load-bearing
capacity and resistance to moisture. The types of OSB are classified as follows:

• OSB/1: For use in dry conditions, typically for interior applications such as furniture or interior
non-structural elements.

• OSB/2: Designed for load-bearing applications in dry conditions. Commonly used for interior wall
sheathing or roofing.

• OSB/3: Suitable for load-bearing applications in humid conditions. Typically used in external ap-
plications such as external wall sheathing, flooring, and roofing in areas where moisture exposure
is likely.

• OSB/4: A higher-strength version designed for demanding load-bearing applications in humid
conditions. It is often used in heavy-duty applications like industrial flooring or exterior cladding.

Depending on the humidity, a OSB type has to be chosen (Nederlands Normalisatie-instituut, 2011).

Properties OSB/3 panel
In this research, the OSB plate is assumed to be positioned at a place where moisture exposure is
likely and works as a stability element. The OSB/3 is there chosen.
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Figure 3.12: OSB/3 properties based on the NEN 1995 Table C.9 (Nederlands Normalisatie-instituut, 2011)

3.5. Conclusion structural timber design
Wood has played an integral role in the evolution of construction, moving from use in ancient crafts-
manship to its renewed importance in modern sustainable building designs. Although the introduction
of steel and concrete, which are stronger and stiffer, reduced wood’s use in large-scale projects, its
environmental benefits and versatility resparked the interest in the material. Certain design aspects
must be taken into account for a proper timber structure design. The material has a high variability
in its strength and is susceptible to decay by fungi, insects and bacteria. By following the Eurocode’s
safety factors, the safety of a timber structure can be designed on a proper level. For ensuring the
wood is not impacted by decaying processes, proper elemental design choices should be made. The
following design aspects should be taken into account for this case study:

• The timber elements should not get in touch with the ground to prevent rotting of the material.

• Between the ground surface and the timber elements there should be a sufficient distance that
prevents the humidity level from becoming too high.

• The connections between the structural elements should allow the water to flow, preventing the
accumulation of water.

• Protection measurements should be taken to prevent water to get in direct contact with the wood,
for example, at the roof. This will prevent a decline in the strength of the wooden elements. If
there is no other option, the wood can be chemically enhanced, but it will become less reusable
and sustainable.

To investigate the relation between the stiffness of the superstructure and the differential settlements,
different wall systems can be used. CLT panels can be used as elements that increase the stiffness
of the wall by a large amount, while timber framed elements with OSB panels increase the stiffness by
a smaller amount. The use of CLT panels comes at the cost of an increase of the self weight of the
structure and the use of more material, making the structure more expensive.

Mechanisms such as rocking between the modular panels should be avoided. The stresses created by
rocking will be redistributed entirely by the connections, increasing their dimension and therefore the
materials needed for a proper design.
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Case study

With the literature on settlement and timber constructions, a case study can be formed around the
research questions given in the introduction. For this, multiple decisions have to be made on the
properties used in the case study.

• A suitable location has to be chosen, that represents the aim for this construction typology.

• A choice must be made on the type of foundation piles.

• A superstructure or multiple superstructures must be chosen, that allows the investigation of the
impact of stiffness on the differential settlement of a structure.

• Differentiations must be applied to the standard model that investigate varies causes of differential
settlement.

This chapter will list these considerations taken into account for designing the case study and give the
considered soil profile, pile foundation, elements of the wall system, and model differentiations.

4.1. Location of choice
As seen in Figure 2.1 there is a large variety of soil types in the Netherlands. In the eastern part, the
thickness of weak soil layers is mostly 2 meters or less. For a research based on settlements, these
parts are not interesting. The low compressibility of sand will make the deformations negligible and a
light weight structure is assumed to not be influenced by differential settlement.

In the western part, large amount of compressible soil is present. To investigate of the design is suitable
for this part of the Netherlands, two locations will be researched. These locations will be picked with
the following aspects in mind.

• The placement of the helix should be in a soil layer that is not peat. This soil has the worst stiffness
of the possible soil layers and will not be able to provide enough stiffness for reasonable vertical
forces;

• The location should be picked conform the design philosophy. This means that the locations like
grasslands will be considered and not locations the building won’t end up anyway;

• The locations should be distinctive and differ in the thickness of compressible layers. This way
the influence of the soil layers can be researched;

• Multiple boreholes should be available at each location. This way differential settlement due to
varying soil composition can be investigated.
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With all these considerations in mind, the location of choice is positioned in a grassland between Delft
and Rotterdam near the ”Oude Leedenweg”. This location contains large layers of weak soil that is a
mixture of sea clay and peat, see Figure 2.1. Its placement is in an area where there is a demand for
more houses and with the university being nearby, a suitable location for smaller houses like student
homes. A CPT test of the chosen location can be found in Appendix A.

Figure 4.1: Location of choice in google maps

An estimation of the type of soil can be determined by looking at height of the friction ratio and cone-
resistance at each depth. Appendix A goes into more detail on the exact method used.

This results in the soil profile shown in Table 4.1.

Table 4.1: Soil profile Oude Leedenweg

Top Layer (m) Bottom Layer (m) Soil Type
0.0 -0.5 Peat weak
-0.5 -0.6 Clay weak mod
-0.6 -1.8 Peat mod
-1.8 -5.0 Clay sandy mod
-5.0 -10.6 Clay clean mod
-10.6 -11.3 Peat mod
-11.3 -12.2 Clay clean weak
-12.2 -12.7 Clay sandy mod
-12.7 -16.0 Sand clean mod

The groundwater level will be assumed to be at 4.6 meters underneath NAP. This value is estimated
by available information in Dinoloket. From the database the Groundwater level graph of a nearby
location is obtained and after 2004 the groundwater has exceeded -4.6 m NAP once, see Figure A.4.
With ground level being at -4 m NAP, the phreatic level in the model will be at -0.6.

Each soil type has its own properties. The properties used in this section are given in Table 5.3. In the
model calculations more properties will be added. The values are based on the NEN 9997-1 Table 2b,
which is put in the Appendix A.
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4.2. Pile of choice
The foundation pile used in this research will be a screwed, steel, helical pile with a helical plate at the
bottom that provides a surface area. The pile should fulfil the following aspects:

• The pile should have a sufficient bearing capacity for the possible loads applied on top;

• The pile should be able to be placed and reobtained without the use of heavy machinery. This
means that the pile cannot be too large, since the larger the pile is, the more torsional resistance
it has during installation;

• The dimensions of the pile have to be realistic and based on literature;

• The distance between the centres of the helical piles has to be at least two times the diameter of
the helical plate (2𝐷).

The choice for the depth helical plate of the piles will be 3𝑚 underneath the ground surface. This depth
obtains the goals of this research to position the foundation in soil that is less deep than the sand and
being able to retrieve the piles after the lifetime of the structure has expired. The piles bypass the peat
layers that have little to no bearing capacity and reaches a clay layer. Clay soil, due to its higher density
compared to peat soil, plays a more substantial role in increasing the effective stress. Consequently,
the 1.2 m layer of sandy clay above the helical plate is crucial in reducing settlement. In the calcula-
tions, it is assume that the helical plate is flat and not curved. The influence of this shape is not within
the scope of this research. The properties of a standard pile are:

𝑈𝑛𝑖𝑡𝑤𝑒𝑖𝑔ℎ𝑡 78, 5𝑘𝑁/𝑚3 ;
𝐸𝑟𝑒𝑓 2, 0 ∗ 105𝑁/𝑚𝑚2 ;
𝑑 0, 1𝑚;
𝐷 0, 6𝑚.

The values used are based on the parameters used in the research done at Jackson State University
(Shuman et al., 2022) and on hand calculations on the maximum bearing capacity. The maximum
applied load on a pile in an ultimate limit state is expected to not exceed a value of 50𝑘𝑁 with a minimum
spacing between the piles of 2𝐷. In Appendix D a hand calculation of the bearing capacity of the helical
pile is found. In the Appendix, it is shown that the helical pile has a higher bearing capacity than needed,
but that the diameter of 600 mm is chosen to account for the uncertainty in soil capacity and to minimize
the settlements.

Figure 4.2: Schematisation of the diameters
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4.3. Super structure choice
In Figure 4.3 the preliminary design of the building is shown. The first thing to note is that the building
consists of multiple floors stacked on top of each other. In this research, the amount of floors will be
reduced to 2 floors, which is more reasonable for this case study where the loads should be reduced
to a minimum. A schematization of the structural model is shown in Figure 4.4.

Figure 4.3: Preliminary design
Figure 4.4: Schematization of the
structural model

4.3.1. Structural elements
The structural model is divided in several elements: The supports, a continuous beam, the walls and
the floor slabs.

The supports
The supports underneath the walls consist of the earlier chosen helical piles. They will be implemented
as spring supports that represent the settlements of the piles. This will be further explained in the Sec-
tion Methodology 5.1.2.

Continuous beam
On top of the supports a continuous beam is placed. This continuous beam will help with redistributing
the loads of the structure and work as a connection point between the piles, floor and walls.

Walls
Positioned above the continuous beamare the wall elements. Three different variations are researched:
no stability wall, a timber framed wall with OSB plates and a CLT wall. Each wall has its own purpose
in this research:

• The continuous beam without a stability wall will investigate the possibility of relying fully on a
single construction element. This can be beneficial since the only connections that should be
taken into account, are the connection to the foundation piles.

• A timber framed wall represents a stability wall that is cheaper, easier to build, less heavy. The
frame itself will not help redistributing the forces, however the attached OSB panel will.

• The CLT wall investigates the settlements underneath a stiff wall, minimising the relative rotations
between piles. The wall typology is however more costly and heavier than the timber frame wall.

These variations will give inside on the influence of stiffness of the superstructure on the feasibility of
the system.

Floor
The floor elements will not be researched in this thesis, but their self weight and the surface loads
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applied to them, must be taken into account. A CLT floor with 5 layers is chosen, because of its slen-
derness and simplicity.

Until this point three variations have been made. These will be characterized as Calculation A, Cal-
culation B and Calculation C. With the standard loading scheme discussed in the upcoming Section
4.3.3, the first calculations in this research can be summarized with the flowchart given in Figure 4.5.

Figure 4.5: Flowchart of the first calculations

4.3.2. Simplifications
For this research, recreating a building complex is ambitious for the given time frame. Therefore, one
wall location will be zoomed in on. This simplifies the calculation from a 3D to 2D. Furthermore, only
one wall will be investigated. In reality, there are two walls positioned on top of the continuous beam,
but to simplify the model, only one is used in the calculations, see Figure 4.6.

Figure 4.6: Sketch of the cross section above the pile, left how it is supposed to be, right how its simplified in the model

Keep in mind that this also halves the loads applied on the foundation. However, the last simplifica-
tion increases the load on a single pile. Instead of all eleven piles being positioned underneath the
continuous beam distance of 1,2 m from one another, only 6 piles will be modelled. This simplification
will decrease the computation time, while still providing information on the behaviour of the structure
supported by multiple helical piles. Figure 4.7 gives a schematisation of the simplification. Note that
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the removed piles in the structural model are still taken into account in the calculations for the soil set-
tlement.

Figure 4.7: Schematisation of the assumed pile placement

4.3.3. Load combinations
The vertical loads applied on the structure are determined by the NEN 1990 and 1991. The loads in
the 2D plain have to represent the loads that are present in a 3D model. For the 3D structure the loads
that would be applicable are:

The permanent load (𝐺):

• Self weight: The weight of the structural elements itself.

• Weight of the finishing layer at the floors: 0,2 𝑘𝑁/𝑚2

The variable load (𝑄):

• Living loads: 1,5 to 2,0 𝑘𝑁/𝑚2

• Snow load: 0,56 𝑘𝑁/𝑚2

(Nederlands Normalisatie-instituut, 2019b)

Two different load combinations are relevant for this research. The Ultimate Limit State (ULS) is used to
determine if the maximum bearing capacity of a foundation pile. The ULS calculation the combinations
factors shown in Table 4.2.

Table 4.2: Load combinations for the ULS (Nederlands Normalisatie-instituut, 2019a)

Design Situations Permanent Load Dominant Variable Load Other Variable Loads
(by 6.10a) 1.35 ⋅ 𝐺𝐾𝑗,𝑠𝑢𝑝 1.5 ⋅ 𝜓0;𝑖𝑄𝑗,1 1.5 ⋅ 𝜓0;𝑖𝑄𝑗,𝑖
(by. 6.10b) 1.20 ⋅ 𝐺𝐾𝑗,𝑠𝑢𝑝 1.5 ⋅ 𝑄𝑘,1 1.5 ⋅ 𝜓0;𝑖𝑄𝑗,𝑖

The Ultimate Limit State capacity will have higher values of load compared to the loads applied over a
longer period of time. The latter being relevant for the settlement calculations. The factors for Quasi-
permanent loads are used in combination with the Service Limit State (SLS) for these calculations.
These loads do fluctuate but are assumed to be present most of the time.
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Table 4.3: Load combinations for the SLS(Nederlands Normalisatie-instituut, 2019a)

Design Situations Permanent Load Dominant Variable Load Other Variable Loads
SLS 1.0 ⋅ 𝐺𝐾𝑗,𝑠𝑢𝑝 1.0 ⋅ 𝜓0;𝑖𝑄𝑗,1 1.0 ⋅ 𝜓0;𝑖𝑄𝑗,𝑖

The factor 𝜓0;𝑖 will become a value of 0.3 that is then multiplied by a variable load of 1,5 𝑘𝑁/𝑚2. This
represents the loads besides the self weight of the construction, for instance the furniture in the build-
ing. In this calculation the loads on the roof of the building are not taken into account.

4.3.4. Model variation: Lower strength outer piles
The research is focused on 3 wall variants. With the calculations described in the last paragraphs, the
structure can be research on normal conditions. One of the criteria of the design is that the relative rota-
tions (𝛽) are within the boundaries of the Eurocode. Looking at the settlement of the structure, this value
is mostly dependent on the difference between the outer piles and the pile next to them, see Figure 4.8.

Figure 4.8: Schematisation of the settlement for normal system

To make the validity of the structure less dependent on the settlement of the outer pile, a pile with
lesser strength can be used. This will make overall capacity of the building less, but decreases the
dependence on the relative rotations. This is especially significant for walls with a lesser stiffness.

To research the impact of using piles with lesser strength, a pile is used with a smaller diameter for the
helical plate. The reduction of the amount of steel used is minimal, but this method can also reduce
the amount of wood that is needed.

𝑈𝑛𝑖𝑡𝑤𝑒𝑖𝑔ℎ𝑡 78, 5𝑘𝑁/𝑚3 ;
𝐸𝑟𝑒𝑓 2, 1 ∗ 105𝑁/𝑚𝑚2 ;
𝑑 0, 1𝑚;
𝐷 0, 5𝑚.

In addition to the potential benefits, this modification researches the impact of the outer piles under-
performing. A pile at this position is the most susceptible to being influenced by increased loads in the
surroundings. This modification will give more inside on the performance of the structure imposed to
large differential settlement.

4.3.5. Model variation: Uneven loading
In the most ideal situation, the load is equally distributed over the whole surface area of the building.
This will most likely not be the case and therefore a sensitivity analysis will be run on the different wall
systems.

In the analysis there will be looked at the impact of a constant increase in load at one side of the building
impacts the stability. The variable load is increased from 1,5 𝑘𝑁/𝑚2 to 2,0 𝑘𝑁/𝑚2.
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Figure 4.9: Schematisation of the settlement with uneven loading

This variant investigates what happens to the construction when it is imposed to tilting by differential
settlement. The calculations will also be done for the variations with less stiff outer foundation piles.

4.3.6. Boundary conditions
To determine the dimensions of each calculation the values for Relative rotation (𝛽) and tilt (𝜔) found
in Section 2.4 cannot be exceeded with a unity check (U.C.) of 0,8 at the first time step (T0). The same
applies for the maximum allowable stress (𝜎).

Throughout the calculation process, the displacement and reaction force of the supports will be mea-
sured. However, the stresses within the structural elements will be measured at the timestep with the
largest differential displacements. This timestep is expected to generate the most stress.
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4.4. Summary
In this research the different wall systems that will be investigated are a continuous beam, a beam with
on top a timber frame including OSB panels, and a beam with CLT panels on top. The dimensions of
each wall system adjusted until they fulfil the requirements for Relative rotation (𝛽), tilt (𝜔) and maxi-
mum allowable stress (𝜎) at 𝑇0 with a U.C. less than 0, 8 at time step T0.

The impact of using outer piles with less strength and the impact of uneven loading will be investigated
for each wall system aswell. A flowchart of the calculations can be seen in Figure 4.10 with thematching
mechanical schemes in Figure 4.11.

Figure 4.10: Flowchart of the calculations done in this research
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Figure 4.11: Overview calculations case study
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Model

This chapter outlines the model setup for the case study. It begins by introducing the chosen software
used for calculating settlement and structural performance, detailing how they are integrated to analyse
the long-term effects of settlement. Athe chapter describes the foundation pile model in PLAXIS 2D
and the timber structure in SCIA Engineer, explaining their configurations. The used properties will be
given, along with a discussion of the assumptions and simplifications made in the modelling process.

5.1. Calculation set up
With the boundary conditions of this case study determined, the model can be constructed. This will
be done with two different Finite Element (FEM) software: PLAXIS 2D and SCIA Engineer. The results
from one application will be used in the other by following several steps.

5.1.1. Choice of calculation software
Due to the nature of this project, software has to be chosen that can investigate the long term settle-
ment of a structure on soft soil, and the response of timber structural elements. To achieve both, there
is chosen to use two different programs: PLAXIS 2D and SCIA Engineer.

PLAXIS is a finite element software widely used in geotechnical engineering. It allows researchers to
investigate the behaviour of soil, structural elements and their interactions. A singular pile can be mod-
elled in PLAXIS 2D to investigate its behaviour in soft soil. The software takes into account all three
types of settlement discussed in Section 2.2. The downside of the software is that it does not provide
a solution for a 3D structure and only simple structural elements can be modelled. For the latter, SCIA
Engineer is used.

In SCIA Engineer the 2D wall system of the structure will be modelled. The program will look at the
consequences of the settlement on the structure. SCIA is able to implement the helical piles in soft soil
as non-linear spring supports, to simulate the displacement displacement of the foundation at different
stages in time. In the end the model will provide information on the internal forces, bending moments,
stresses and displacements.
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5.1.2. Methodology of the case study
In this section, each step of the calculation process will be explained. The calculation will start with the
foundation elements. The results in the settlement calculations will be used as input in the structural
model, which in turn will give information on the support reactions back to PLAXIS. This will iterate for
a four time steps to predict the behaviour over of the long term settlement. Each step is described in
more detail in this section. Figure 5.1 schematizes the workflow. In Appendix E.1 a fully worked out
calculation is given as an example.

Figure 5.1: Flowchart of the calculation steps within the case study

Step 1: Calculating the support deformations at T0
A helical pile will be modelled in PLAXIS 2D with the parameters of the corresponding calculation
as illustrated in Chapter 4. The chosen soil profile is constructed and a helical pile is implemented.
Different forces between the 5 and 35 kN are applied on top of the pile to investigate the settlement
response of the pile. The forces will increase from 𝐹 = 0 at day 0 until the input force 𝐹 = 𝐹𝑖𝑛𝑝𝑢𝑡 is
reached at day 30. Day 30 represents the end of the construction phase and will be referred to in this
research as T0 (day 0 after construction). The process is schematised in Figures 5.2 and 5.3. The
obtained information can now be used as input for SCIA engineer.
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Figure 5.2: Pile model in PLAXIS 2D with the different applied forces on top

Figure 5.3: Pile displacement over time for different applied forces (left), Force input (right)

The settlement of an individual pile is now obtained. It should now be converted to a model capable of
investigating the response of the whole superstructure.

Step 2: Implementing the deformations in SCIA Engineer
In SCIA Engineer, the construction is modelled. In this model, the supports underneath the structure
need to represent the deformations of a helical pile obtained from PLAXIS.
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Figure 5.4: Pile model in PLAXIS translated to spring support in SCIA Engineer.

The calculated deformations from step 1 are translated to a non-linear, displacement-force function in
SCIA. This function makes sure that support reaction after the calculation, meets the level of settlement
that corresponds with that force. The deformation of each support will than be calculated iteratively by
the software and end up at an equilibrium where the final value for the displacement and support reac-
tions can be obtained. Figure 5.5 shows the translation of the deformations from PLAXIS to SCIA.

Figure 5.5: Translation of settlement at T0 (30 days after the start of construction) to a non-linear spring support

The newly obtained function represents the settlement of an individual pile at T0. However, neighbour-
ing piles will also have an impact on the settlement. The stress applied to the soil spreads out and leads
to settlements for the surrounding soil, see Section ??. The degree in which the settlement of each pile
is influenced by others depends on the position and the height of the load. A pile that is positioned in
the middle of a group, has more closely positioned piles than a pile at the border and will be influenced
more. The calculated values are worked out in Appendix C, where calculations for the group effect are
presented for various forces at different stages over time.

The results of this calculation can be used to add displacements to earlier found load-deformation func-
tion in SCIA. For calculations A and C, the expected reaction forces are between 20 kN and 25 kN. The
additional settlement will therefore be based on the group effect of piles loaded with 25 kN. This as-
sumption leads to more differential settlement and impacts the results therefore more negatively. The
additional settlement is 1,6 mm for the outer piles and 3,2 mm for the inner piles at T0. For calculation
B, the expected reaction forces will be between 15 kN and 20 kN. Here, the additional settlement is 1,3
mm for the outer piles and 2,6 mm for the inner piles at T0.
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The values for the additional settlement are added to the calculated deformations from PLAXIS, result-
ing in a shift in the non-linear function. This is illustrated in Figure 5.6.

Figure 5.6: Group effect on a load-deformation graph, illustration

The non-linear functions used for the calculations at T0 in calculation 𝐴𝑎 is shown in Figure 5.7 as an
illustration.

Figure 5.7: Support functions for the outer supports (left) and Inner supports (right)

The final load-deformation values for the non-linear supports are given in Table 5.1 and 5.2.
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Table 5.1: Load-deformation values for piles including the group effect for non-linear supports in calculation A
and C at T0

Applied Force at T0 [kN] F5 F10 F15 F20 F25 F30 F35
(𝑢𝑇0) D600 inner piles [mm] -59.1 -62.8 -69.1 -78.7 -91.6 -103.6 -119.6
(𝑢𝑇0) D600 outer piles [mm] -60.7 -64.4 -70.7 -80.3 -93.2 -105.2 -121.2
(𝑢𝑇0) D500 outer piles [mm] -60.1 -67.0 -80.3 -97.2 -118.0 -140.2 -162.9

Table 5.2: Load-deformation values for piles including the group effect for non-linear supports in calculation B at
T0

Applied Force at T0 [kN] F5 F10 F15 F20 F25 F30 F35
(𝑢𝑇0) D600 inner piles [mm] -58.8 -62.5 -68.8 -78.4 -91.3 -103.3 -119.3
(𝑢𝑇0) D600 outer piles [mm] -60.1 -63.8 -70.1 -79.7 -92.6 -104.6 -120.6
(𝑢𝑇0) D500 outer piles [mm] -59.8 -66.7 -80.0 -96.9 -117.7 -139.9 -162.6

With the supports modelled, the load on top of each support can be calculated with a non-linear calcu-
lation. From this calculation the deformations, support reactions and stresses in the construction at T0
can be obtained.

Step 3: Long term settlement calculations
Now that the support reactions are determined at T0, they can be used for calculating the long term
settlement. This will be done with the following method:

The support settlement of each pile will be run for a second time between 0 and 30 days, so until T0,
but with the obtained support reaction in step 2. This will simulate the estimated settlement for that
time period. Afterwards, the next 10 days for the pile will be simulated. This has to be done for multiple
forces to create a range in the function that represents the settlement correctly. If only one force is ran,
the function would become linear and would not be accurate.

Figure 5.8: Illustration for settlement calculation of 1 pile at T10 with only the earlier obtained 𝐹𝑇0 (Incorrect)

This will be done by running the simulation with three different loads on top of the pile: 0.9𝐹𝑇0, 𝐹𝑇0,
and 1.1𝐹𝑇0 (10% less load, the obtained load, and 10% more load). The load at T10 is assumed to be
within this load region and the results are only accurate if this is the case. The three different forces are
chosen to create a new non-linear function with a region that accurately represents each foundation
pile and their settlement history.
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The newly obtained settlement for each pile can be implemented in SCIA as a new non-linear function.
The additional settlements caused by neighbouring piles are added and each pile has their own load
deformation function based on position and previous settlement.

Figure 5.9: Illustration for settlement calculation of 1 pile at T10 (correct)

With a new non-linear calculation the deformations, support reactions and stresses at T10 can be ob-
tained. This process will be repeated iteratively, so the life time of each pile is reconstructed with the
new force obtained at T10 and the process will be repeated for the next 90 days. In the end, results
on support reactions and displacements are obtained at T0 (immediately after the construction of the
building is finished), T10 (10 days after construction), T100 (100 days after construction), and T1000
(1000 days after construction).

Step 4: Structural analysis
After each calculation, the wall construction can be analysed with respect to internal stresses (𝜎), de-
formations (Δ𝑈), relative rotation (𝛽) and tilt (𝜔), see Chapter 4, at the time steps T0, T10, T100, and
T1000. This will give intel on how the structure behaves over time and if the values for these boundary
conditions drastically change. With the knowledge of how the structure behaves on long term set-
tlement, a conclusion can be drawn on the feasibility of each wall system for a modular, lightweight
structure that is expected to have large amount settlement.

Due to the set up of this calculation method, some assumptions have to be made. The next sections
will discuss the input of each software and what the simplifications are in the model set up.
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5.2. PLAXIS
The PLAXIS 2D model is split into different sections. First, the input of the soil will be explored. The
location used in this project will be discussed and the input properties of the soil are researched. The
next section discusses the model type with the structural set up used to accurately simulate a helical
pile. Then the mesh size is chosen and the different structural improvements that will be used, are
discussed.

5.2.1. Soil conditions
In Chapter 4.1 the boundary conditions of the location are given. The result can be seen in Figure 5.10.

Figure 5.10: Soil profile Oude Leedeweg

Each soil type has its own properties. These properties will be implemented in PLAXIS 2D to accu-
rately simulate the pile settlement. In the table 5.3 below all the parameters used, are given. These
are based on the values given in the NEN 9997-1 Table 2b which is put in the Appendix A.

Soil 𝛾′𝑢𝑛𝑠𝑎𝑡 𝛾′𝑠𝑎𝑡 𝐸𝑟𝑒𝑓 𝜈 𝑐′𝑟𝑒𝑓 𝜙 𝜓 𝐶𝑐 𝐶𝑠 𝐶𝛼
[𝑘𝑁/𝑚3] [𝑘𝑁/𝑚3] [𝑀𝑃𝑎] [𝑘𝑃𝑎] [𝐷𝑒𝑔𝑟𝑒𝑒𝑠]

Sand clean mod 18 20 45 0.3 0 32.5 0 - - -
Clay clean weak 14 14 1 0.3 0 17.5 0 0.493 0.049 0.013
Clay clean mod 17 17 2 0.3 5 17.5 0 0.230 0.023 0.006
Clay sandy mod 18 18 3 0.3 5 22.5 0 0.173 0.017 0.004
Peat weak 11 11 0.3 0.3 1.5 15 0 0.691 0.069 0.023
Peat mod 12 12 0.5 0.3 2.5 15 0 0.461 0.046 0.015

Table 5.3: Soil properties for the used ground profiles.

Where:
𝛾′𝑢𝑛𝑠𝑎𝑡 Volumetric weight of unsaturated soil;
𝛾′𝑠𝑎𝑡 Volumetric weight of saturated soil;
𝐸𝑟𝑒𝑓 Elasticity modulus of the soil;
𝜈 Poisson’s ratio;
𝑐′𝑟𝑒𝑓 Effective cohesion;
𝜙 Effective angle of internal friction;
Ψ Suction;
𝐶𝑐 Primary compression index;
𝐶𝑠 Secondary compression coefficient for stresses below the upper stress limit;
𝐶𝛼 Secondary compression index.

For this research, the time-dependent settlements of compressible soils will be investigated. To capture
a realistic behaviour of the soil, the layers will be constructed in a soft soil creep model. This will take
into account the immediate, primary and secondary settlement of the structure, which other models lack.
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5.2.2. Implications soil set up
Homogeneous soil profile
For this research the soil at each location of the foundation pile is assumed to the same. This might
not be a good reflection of the reality since changes in layer thickness can also change the settlement
curve of the pile. Because the location has large layers of weak soil, it is assumed that small changes
in thickness that can occur over a distance of 12 meter, are not substantial enough to influence the
outcome of the calculation drastically.

Soft soil creep
The way the secondary settlement is implemented in a soft soil creep model, is dependent on the ef-
fective stress and not the increase in effective stress. Wherefor, the soil will settle without additional
loading. This does not match the earlier found behaviour of secondary settlement given in table 2.8
and 2.9, where the deformations become 0 without an increase in stress.

To avoid unrealistic creep strain rates, it is recommended the PLAXIS material manual to the set ini-
tial OCR higher than 1.0, typically around 1.2-1.4, making the material lightly overconsolidated. This
adjustment changes the pre-consolidation pressure and decreases the consolidation settlement at the
start.

However, the higher OCR also impacts the trajectory of the settlement curve over time. After the pri-
mary consolidation period has ended, the expected trajectory of the settlement is linear on a logarithmic
scale. The pile settlement is tested in a large clay layer with 2 different values of the OCR: 1 and 1, 4.
The difference in settlement rate can be observed and a decrease in settlement over 10000 days of
more than 50 percent.

Figure 5.11: Comparison OCR value 1 to 1.4

For this research the OCR is set at a value of 1. This value is chosen because of the unpredictability
of the soil. The soil properties are an estimation and therefore changing values for a more favourable
result, has to be based on specific research.

5.2.3. Structural setup
At the start of a project, PLAXIS 2D give the engineer the option between two types of models: A plain
strain model or an Axisymmetry model. The plain strain model assumes that the 2D plain is infinitely
large in the z-direction. This model is used for projects with a large surface area like constructing an
embankment. For this research the model of choice is an Axisymmetry model. The 2D input in this
model will have rotational symmetry around a vertical axis.
The main reason this model choice is the shape of the foundation pile. It consists of a shaft and a helix
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Figure 5.12: Difference between a plane strain (left) and axisymmetrical model (right) (Reference Manual 2D, 2024)

which both have a circular shape. The helices will be modelled as a horizontal plate. This is not their
true shape, but do represent the surface area of the helix working on the soil. The shaft is modelled to
investigate the friction between the shaft and the soil.

An example of the created steel polygon can be seen in Figure 5.13. The steel elements is modelled
with the following properties:

𝑆𝑜𝑖𝑙𝑚𝑜𝑑𝑒𝑙 Linear Elastic;
𝐷𝑟𝑎𝑖𝑛𝑎𝑔𝑒𝑡𝑦𝑝𝑒 Non-porous;
𝑈𝑛𝑖𝑡𝑤𝑒𝑖𝑔ℎ𝑡 78, 5𝑘𝑁/𝑚3 ;
𝐸𝑟𝑒𝑓 2, 1 ∗ 105𝑁/𝑚𝑚2 ;
𝑑 0, 05𝑚;
𝐷 0, 3𝑚;
𝜈 0;
𝑅𝑖𝑛𝑡𝑒𝑟 0, 5 (The interface shear factor);

Between the soil and the foundation piles, interfaces are applied. These interfaces simulate the in-
teraction between the surface of the structure and the soil. The pile is screwed into the ground and
made out of steel. Compared to a driven concrete pile the roughness of the steel pile is low and the
installation method also results in a weaker interface connection. A value of 0,5 is chosen because of
these negative effects.

Figure 5.13: Helical pile model in PLAXIS 2D

Finally, the vertical force on top of the pile is not placed in the centre, but on the side of the shaft. A force
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placed in an axisymmetrical model will be rotated around the 𝑦 axis and the input value therefore has
to be divided by the circumference. If the force is placed in the middle of the model, it will be divided by
0, which is not possible. The input force will therefore be a value of 𝐹/(2𝑟/𝜋) kN/m. When translated
to a point-load, it would equal 𝐹.

Figure 5.14: Sketch of the implications of modelled force on top of the pile

5.2.4. Implications structural set up
Single pile model
Due to the model being axisymmetrical, it is not possible to model multiple piles. How a group of piles
react under certain conditions, can therefore only be estimated. Previous Section 5.1.2 goes into more
detail on how this is implemented.

Group effect: pore excess water pressure
The same modelling choices affect the dissipation of the water under an increase in stress. The pri-
mary consolidation is caused by the expulsion of the water within the pores. The positioning of the piles
leads to the water being able to effectively dissipate to a side, see Figure 5.15.

Figure 5.15: Schematization of water expulsion influenced due to group effect

This group effect cannot be modelled in an axisymmetrical model and the primary settlement will there-
fore occur faster than in reality.
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5.2.5. Mesh size
When performing finite element analysis in PLAXIS 2D, the mesh size you choose for your model
plays a critical role in the accuracy and efficiency of the simulation. The mesh divides the geometry
into smaller elements, and the size of these elements affects how well the model can capture the be-
haviour of the soil. The choice of the mesh size comes down to accuracy vs computational time. A
finer mesh size will give better results, but takes longer to produce. Whereas a coarser mesh is faster,
but might not capture critical behaviours accurately.

The best choice for this research is to find a balance between the two. The long term calculations of
the secondary settlement takes a relatively long time to compute and therefore the most fine mesh is
not efficient. A medium mesh size comes close to the value of a very fine mesh and is chosen to make
the progress less time consuming and still keep an fairly accurate estimations. These comparisons can
be found in Appendix D.4. The mesh generated is more fine near the helical pile to more accurately
predict the stresses and deformations in this area, see Figure 5.16

Figure 5.16: Generated mesh for a helical pile calculation
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5.3. SCIA Engineer
This paragraph will discuss the different modelling choices made in SCIA. Setting up a model for a
small wooden building involves defining the building’s structural elements, materials, and boundary
conditions.

5.3.1. Structural elements
Different models have been constructed for the calculations A, B and C. For the calculations from group
A a continuous beam is modelled, and for groups B and C, a wall is modelled on top of a continuous
beam. Underneath each system 6 supports are positioned that represent the helical foundation piles.
A schematisation is given in Figure 5.17. The piles are named P1 to P6 with the size of the outer piles
depending on the calculation. A lower case ’p’ representing a pile with less capacity.

Figure 5.17: Schematisation of calculation model A (Beam) and Models B and C (Wall system)

Table 5.4: Overview of beams, walls, and piles with their respective types and dimensions.

Beam type BxH [mm x mm] Wall Type d [mm] Pile Type r_helix [mm]
Calc Aa GL24h 200x560 - - P 300
Calc Ab GL24h 200x560 - - P 300
Calc Ac GL24h 200x200 - - P & p 300 & 250
Calc Ad GL24h 200x200 - - P & p 300 & 250
Calc Ba GL24h 200x200 OSB/3 10 P 300
Calc Bb GL24h 200x200 OSB/3 10 P 300
Calc Bc GL24h 200x200 OSB/3 10 P & p 300 & 250
Calc Bd GL24h 200x200 OSB/3 10 P & p 300 & 250
Calc Ca GL24h 200x200 CLT 100 P 300
Calc Cb GL24h 200x200 CLT 100 P 300
Calc Cc GL24h 200x200 CLT 100 P & p 300 & 250
Calc Cd GL24h 200x200 CLT 100 P & p 300 & 250
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The properties of the used materials are given in the following tables:

Table 5.5: Mechanical Properties of GL24h Timber (NEN-EN 14080)

Properties GL24h Symbol Value
Bending strength 𝑓𝑚,𝑘 24 MPa
Characteristic density 𝜌𝑘 385 kg/m3

Mean density 𝜌𝑚𝑒𝑎𝑛 420 kg/m3

Mean modulus of elasticity parallel to the grain 𝐸0,𝑚𝑒𝑎𝑛 11,500 MPa
Characteristic modulus of elasticity parallel to the grain 𝐸0.05 9,600 MPa
Mean modulus of elasticity perpendicular to the grain 𝐸90,𝑚𝑒𝑎𝑛 300 MPa
Tensile strength parallel to the grain 𝑓𝑡,0,𝑘 19.2 MPa
Tensile strength perpendicular to the grain 𝑓𝑡,90,𝑘 0.5 MPa
Compressive strength parallel to the grain 𝑓𝑐,0,𝑘 24 MPa
Compressive strength perpendicular to the grain 𝑓𝑐,90,𝑘 2.5 MPa
Shear strength 𝑓𝑣,𝑘 3.5 MPa
Mean shear modulus 𝐺𝑚𝑒𝑎𝑛 650 MPa

Table 5.6: Mechanical Properties of OSB/2 Timber panels in dry conditions or OSB/3 Timber panels in humid conditions (NEN-
EN 12369-1)

Properties OSB/3 Symbol Value
Mean density 𝜌𝑚𝑒𝑎𝑛 550 kg/m3

Bending strength 𝑓𝑚,𝑘 16,4 MPa
Tensile strength parallel to the grain 𝑓𝑡,0,𝑘 9,4 MPa
Tensile strength perpendicular to the grain 𝑓𝑡,90,𝑘 7,0 MPa
Compressive strength parallel to the grain 𝑓𝑐,0,𝑘 15,4 MPa
Compressive strength perpendicular to the grain 𝑓𝑐,90,𝑘 12,7 MPa
Shear strength 𝑓𝑣,𝑘 6,8 MPa
Mean modulus of elasticity parallel to the grain 𝐸𝑚𝑒𝑎𝑛 3800 MPa
Mean modulus of elasticity perpendicular to the grain 𝐸𝑚𝑒𝑎𝑛,90 4930 MPa
Mean shear modulus 𝐺𝑚𝑒𝑎𝑛 1080 MPa

Table 5.7: Mechanical Properties of C24 Timber used in the timber frame and CLT panels (NEN-EN 338)

Properties C24 Symbol Value
Mean density 𝜌𝑚𝑒𝑎𝑛 420 kg/m3

Bending strength 𝑓𝑚,𝑘 24 MPa
Tensile strength parallel to the grain 𝑓𝑡,0,𝑘 14 MPa
Tensile strength perpendicular to the grain 𝑓𝑡,90,𝑘 0.4 MPa
Compressive strength parallel to the grain 𝑓𝑐,0,𝑘 21 MPa
Compressive strength perpendicular to the grain 𝑓𝑐,90,𝑘 2.5 MPa
Shear strength 𝑓𝑣,𝑘 4.0 MPa
Mean modulus of elasticity parallel to the grain 𝐸𝑚𝑒𝑎𝑛 11,000 MPa
Mean modulus of elasticity perpendicular to the grain 𝐸𝑚𝑒𝑎𝑛,90 370 MPa
Mean shear modulus 𝐺𝑚𝑒𝑎𝑛 690 MPa

The CLT panels exhibit orthotropic properties due to their composition. Each panel consists of five
layers of C24-grade lamellas, with each lamella having a width of 80 mm and a height of 20 mm.
Consequently, the total thickness of the panel is 100 mm. The orientation of the lamellas alternates
between layers, with three layers aligned along the x-axis and two layers aligned along the y-axis. This
alternating configuration enhances the structural performance of the panel by improving its strength
and stiffness in multiple directions. Figure 5.18 shows a CLT panel for the input in SCIA.
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Figure 5.18: CLT panel

5.3.2. Applied loads
The vertical loads applied on the structure are determined by the NEN 1990 and 1991. The loads in
the 2D plain have to represent the loads that are present in a 3D model. For the 3D structure the loads
that would be applicable are:

The permanent load (𝐺):

• Self weight: The weight of the structural elements itself.

• Weight of the finishing layer at the floors: 0,2 𝑘𝑁/𝑚2

The variable load (𝑄):

• Living loads: 1,5 to 2,0 𝑘𝑁/𝑚2

• Snow load: 0,56 𝑘𝑁/𝑚2

(Nederlands Normalisatie-instituut, 2019b)
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Translating these loads to a line/point load results in the values given in Table 5.8:

Table 5.8: Overview of values and calculations for walls, floors, and loads.

Self weight floors
Density (𝜌) 4.2 kN/m3

Floor height (ℎ) 0.1 m
Floor width (𝑏) 2.5 m
𝑞fl 1.05 kN/m

Weight floor finishings
Floor load 0.2 kN/m2

Floor width (𝑏) 2.5 m
𝑞fin 0.5 kN/m

Variable load on floors
Living loads 1.5 kN/m2

Floor width (𝑏) 2.5 m
𝑞var 3.75 kN/m

Self weight outer walls
Density (𝜌) 4.2 kN/m3

Wall height (ℎ) 6 m
Wall length (𝐿) 2.5 m
Wall thickness (𝑑) 0.1 m
𝐹wall 6.3 kN

Self weight walls
Only for Calc. A
Density (𝜌) 4.2 kN/m3

Wall height (ℎ) 6 m
Wall thickness (𝑑) 0.1 m
𝑞wall 2.52 kN/m
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Load schemes
From Table 5.8 the load schemes for calculation can be constructed.

Load scheme calculation Aa & Ac

Where:
𝐺 = 3 ⋅ (𝑞fl + 𝑞fin) + 𝑞wall = 7, 2𝑘𝑁/𝑚

𝑄 = 2 ⋅ 𝑞var = 7, 5𝑘𝑁/𝑚

𝐹wall = 6, 3𝑘𝑁

Load scheme calculation Ab & Ad

Where:
𝐺 = 3 ⋅ (𝑞fl + 𝑞fin) + 𝑞wall = 7, 2𝑘𝑁/𝑚

𝑄 = 2 ⋅ 𝑞var = 7, 5𝑘𝑁/𝑚

𝑄extra = 2 ⋅
1
3 ⋅ 𝑞var = 2, 5𝑘𝑁/𝑚

𝐹wall = 6, 3𝑘𝑁
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Load scheme calculation Ba, Bc, Ca & Cc

Where:
𝐺 = 𝑞fl + 𝑞fin = 1, 55𝑘𝑁/𝑚

𝑄 = 𝑞var = 3, 75𝑘𝑁/𝑚

𝐹wall = 6, 3𝑘𝑁

Load scheme calculation Bb, Bd, Cb & Cd

Where:
𝐺 = 𝑞fl + 𝑞fin = 1, 55𝑘𝑁/𝑚

𝑄 = 𝑞var = 3, 75𝑘𝑁/𝑚

𝑄extra =
1
3 ⋅ 𝑞var = 1, 25𝑘𝑁/𝑚

𝐹wall = 6, 3𝑘𝑁
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5.3.3. Load combinations
To research the settlement of the structure, a load combination has to be chosen that estimates the
loads that are present for a long period of time. Therefore the SLS factors are chosen in this calcula-
tion in combination with the Quasi-permanent load for the variable loads. The factor 𝜓0;𝑖 will become
a value of 0.3 that is then multiplied with the variable loads. This represents the loads besides the self
weight of the construction, for instance the furniture in the building. In this calculation, the loads on the
roof of the building are not taken into account since it is assumed that they are not present for longer
periods of time.

Table 5.9: Load combinations for the SLS(Nederlands Normalisatie-instituut, 2019a)

Design Situations Permanent Load Dominant Variable Load Other Variable Loads
SLS 1.0 ⋅ 𝐺𝐾𝑗,𝑠𝑢𝑝 1.0 ⋅ 𝜓0;𝑖𝑄𝑗,1 1.0 ⋅ 𝜓0;𝑖𝑄𝑗,𝑖
SLS 1.0 ⋅ 𝐺𝐾𝑗,𝑠𝑢𝑝 1.0 ⋅ 0, 3 ⋅ 𝑄𝑗,1 1.0 ⋅ 0, 3 ⋅ 𝑄𝑗,𝑖

5.3.4. Mesh
A mesh is generated for 2D elements in SCIA Engineer. The wall system is connected to the contin-
uous beam and a squared mesh is generated since there are no nodes on the wall where forces are
concentrated. More nodes are created in the beam near the supports. Around these locations, the
stresses are expected to be the highest.

Figure 5.19: Generated mesh for calculations B and C
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Results & Analysis

In this chapter, the results of the calculations will be presented. This will be done by giving the resulting
deformations and support reactions of the piles at time steps T0 (immediately after the construction of
the building is finished), T10 (10 days after construction), T100 (100 days after construction), and T1000
(1000 days after construction). The performance of the structure will be based on its deformations and
the resulting internal stresses. Statements on these performances will be made on these performances
and discussed. Each calculation presented in the flowchart shown in Figure 4.10 has been performed.

6.1. Results: Deformations
In this paragraph, each individual calculation will be presented with their support forces and support
deformations at the given time steps. Each calculation will show the settlement of each pile over time
and relative displacements between the piles that are next to one another. When tilt occurs, the relative
displacement between the two most outer piles. The maximum total settlement (𝑈), relative rotation
(𝛽) and tilt (𝜔) will be determined. In the end, a summarisation will be given of the maximum values for
each calculation and how they perform on the boundary conditions given by the NEN.

64



6.1. Results: Deformations 65

6.1.1. Calculation Aa
For Calculation Aa, the displacements and reaction forces are calculated with the results given in Table
6.1.

Table 6.1: Displacements 𝑈 in𝑚𝑚 and support reactions 𝐹 in 𝑘𝑁 over time (Calculation Aa)

T0 T10 T100 T1000
Supports U F U F U F U F

P1 80 20,3 89 20,6 116 21,0 159 21,4
P2 85 21,9 95 21,8 123 21,6 167 21,4
P3 88 23,1 98 23,0 126 22,7 171 22,6
P4 88 23,1 98 23,0 126 22,7 171 22,6
P5 85 21,9 95 21,8 123 21,6 167 21,4
P6 80 20,3 89 20,6 116 21,0 159 21,4

From the results, the relative displacement can be calculated at each time step. Figure 6.1 shows how
the relative displacement change over time. Since P1 and P6 are at the same height at each time step,
there is no tilt to be measured.

Figure 6.1: Resulting settlement calculation Aa

The maximum values of this calculation are:

Maximum 𝑈 = 171 mm at T1000
Maximum 𝛽 = 7.3 / 2400 at T1000
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6.1.2. Calculation Ab
For Calculation Ab, the displacements and reaction forces are calculated with the results given in Table
6.2.

Table 6.2: Displacements 𝑈 in𝑚𝑚 and support reactions 𝐹 in 𝑘𝑁 over time (Calculation Ab)

T0 T10 T100 T1000
Supports U F U F U F U F

1 79 20.2 88 20.4 115 20.9 159 21.1
2 86 22.0 95 22.0 123 21.6 167 21.4
3 89 23.5 99 23.4 128 23.1 172 23.0
4 90 23.9 100 23.5 129 23.7 173 23.9
5 88 23.0 98 23.0 126 22.7 171 22.2
6 83 21.7 92 22.0 120 22.3 164 22.7

From the results, the relative displacement can be calculated at each time step. Figure 6.2 shows how
the relative displacement change over time. Due to the uneven loads applied, the building will tend to
tilt (𝜔). The difference between the two most outer piles is given in Figure 6.3.

Figure 6.2: Resulting deformations (calculation Ab)

Figure 6.3: Result relative displacement P1&P6 (calculation Ab)

The maximum values of this calculation are:

Maximum 𝑈 = 173 mm at T1000
Maximum 𝛽 = 8.2 / 2400 at T1000
Maximum 𝜔 = 5.8 / 12000 at T1000
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6.1.3. Calculation Ac
For Calculation Ac, the displacements and reaction forces are calculated with the results given in Table
6.3.

Table 6.3: Displacements 𝑈 in𝑚𝑚 and support reactions 𝐹 in 𝑘𝑁 over time (Calculation Ac)

T0 T10 T100 T1000
Supports U F U F U F U F

1 85 16.4 96 16.4 121 16.8 162 16.9
2 90 23.9 101 24.0 129 23.2 172 23.1
3 90 23.7 100 23.7 130 24.0 173 24.0
4 90 23.7 100 23.7 130 24.0 173 24.0
5 90 23.9 101 24.0 129 23.2 172 23.1
6 85 16.4 96 16.4 121 16.8 162 16.9

From the results, the relative displacement can be calculated at each time step. Figure 6.4 shows how
the relative displacement change over time. Since P1 and P6 are at the same height at each time step,
there is no tilt to be measured.

Figure 6.4: Resulting settlement calculation Ac

The maximum values of this calculation are:

Maximum 𝑈 = 173 mm at T1000
Maximum 𝛽 = 9.7 / 2400 at T1000
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6.1.4. Calculation Ad
For Calculation Ad, the displacements and reaction forces are calculated with the results given in Table
6.4.

Table 6.4: Displacements 𝑈 in𝑚𝑚 and support reactions 𝐹 in 𝑘𝑁 over time (Calculation Ad)

T0 T10 T100 T1000
Supports U F U F U F U F

1 85 16.4 95 16.3 120 16.7 162 16.8
2 90 23.8 100 23.9 129 23.4 172 22.9
3 91 23.9 101 24.0 130 23.9 174 24.5
4 92 24.7 103 24.7 132 24.8 176 25.0
5 94 25.4 105 24.9 133 25.2 176 24.3
6 89 17.4 97 17.7 125 17.5 164 18.1

From the results, the relative displacement can be calculated at each time step. Figure 6.5 shows how
the relative displacement change over time. Due to the uneven loads applied, the building will tend to
tilt (𝜔). The difference between the two most outer piles is given in Figure 6.6.

Figure 6.5: Resulting settlement calculation Ad

Figure 6.6: Result relative displacement P1&P6 (calculation Ad)

The maximum values of this calculation are:

Maximum 𝑈 = 176 mm at T1000
Maximum 𝛽 = 12.2 / 2400 at T1000
Maximum 𝜔 = 5.4 / 12000 at T100
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6.1.5. Calculation Ba
For Calculation Ba, the displacements and reaction forces are calculated with the results given in Table
6.5.

Table 6.5: Displacements 𝑈 in𝑚𝑚 and support reactions 𝐹 in 𝑘𝑁 over time (Calculation Ba)

T0 T10 T100 T1000
Supports U F U F U F U F

1 73 17.2 80 17.0 106 17.9 147 17.6
2 74 16.8 81 16.2 107 16.8 147 16.5
3 74 16.8 81 17.6 107 16.1 147 16.7
4 74 16.8 81 17.6 107 16.1 147 16.7
5 74 16.8 81 16.2 107 16.8 147 16.5
6 73 17.2 80 17.0 106 17.9 147 17.6

From the results, the relative displacement can be calculated at each time step. Figure 6.7 shows how
the relative displacement change over time. Since P1 and P6 are at the same height at each time step,
there is no tilt to be measured.

Figure 6.7: Resulting settlement calculation Ba

The maximum values of this calculation are:

Maximum 𝑈 = 147 mm at T1000
Maximum 𝛽 = 0.8 / 2400 at T1000
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6.1.6. Calculation Bb
For Calculation Bb, the displacements and reaction forces are calculated with the results given in Table
6.6.

Table 6.6: Displacements 𝑈 in𝑚𝑚 and support reactions 𝐹 in 𝑘𝑁 over time (Calculation Bb)

T0 T10 T100 T1000
Supports U F U F U F U F

1 79 20.2 88 20.4 115 20.9 159 21.1
2 86 22.0 95 22.0 123 21.6 167 21.4
3 89 23.5 99 23.4 128 23.1 172 23.0
4 90 23.9 100 23.5 129 23.7 173 23.9
5 88 23.0 98 23.0 126 22.7 171 22.2
6 83 21.7 92 22.0 120 22.3 164 22.7

From the results, the relative displacement can be calculated at each time step. Figure 6.8 shows how
the relative displacement change over time. Due to the uneven loads applied, the building will tend to
tilt (𝜔). The difference between the two most outer piles is given in Figure 6.9.

Figure 6.8: Resulting deformations (calculation Bb)

Figure 6.9: Result relative displacement P1&P6 (calculation Bb)

The maximum values of this calculation are:

Maximum 𝑈 = 151 mm at T1000
Maximum 𝛽 = 0.3 / 2400 at T1000
Maximum 𝜔 = 5.1 / 12000 at T1000
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6.1.7. Calculation Bc
For Calculation Bc, the displacements and reaction forces are calculated with the results given in Table
6.7.

Table 6.7: Displacements 𝑈 in𝑚𝑚 and support reactions 𝐹 in 𝑘𝑁 over time (Calculation Bc)

T0 T10 T100 T1000
Supports U F U F U F U F

1 79 20.2 88 20.4 115 20.9 159 21.1
2 86 22.0 95 22.0 123 21.6 167 21.4
3 89 23.5 99 23.4 128 23.1 172 23.0
4 90 23.9 100 23.5 129 23.7 173 23.9
5 88 23.0 98 23.0 126 22.7 171 22.2
6 83 21.7 92 22.0 120 22.3 164 22.7

From the results, the relative displacement can be calculated at each time step. Figure 6.10 shows
how the relative displacement change over time. Since P1 and P6 are at the same height at each time
step, there is no tilt to be measured.

Figure 6.10: Resulting deformations (calculation Bc)

The maximum values of this calculation are:

Maximum 𝑈 = 153 mm at T1000
Maximum 𝛽 = 0.3 / 2400 at T1000
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6.1.8. Calculation Bd
For Calculation Bd, the displacements and reaction forces are calculated with the results given in Table
6.8.

Table 6.8: Displacements 𝑈 in𝑚𝑚 and support reactions 𝐹 in 𝑘𝑁 over time (Calculation Bd)

T0 T10 T100 T1000
Supports U F U F U F U F

1 79 20.2 88 20.4 115 20.9 159 21.1
2 86 22.0 95 22.0 123 21.6 167 21.4
3 89 23.5 99 23.4 128 23.1 172 23.0
4 90 23.9 100 23.5 129 23.7 173 23.9
5 88 23.0 98 23.0 126 22.7 171 22.2
6 83 21.7 92 22.0 120 22.3 164 22.7

From the results, the relative displacement can be calculated at each time step. Figure 6.11 shows how
the relative displacement change over time. Due to the uneven loads applied, the building will tend to
tilt (𝜔). The difference between the two most outer piles is given in Figure 6.12.

Figure 6.11: Resulting deformations (calculation Bd)

Figure 6.12: Result relative displacement P1&P6 (calculation Bd)

The maximum values of this calculation are:

Maximum 𝑈 = 158 mm at T1000
Maximum 𝛽 = 1.3 / 2400 at T100
Maximum 𝜔 = 6.2 / 12000 at T100
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6.1.9. Calculation Ca
For Calculation Ba, the displacements and reaction forces are calculated with the results given in Table
6.9.

Table 6.9: Displacements 𝑈 in𝑚𝑚 and support reactions 𝐹 in 𝑘𝑁 over time (Calculation Ca)

T0 T10 T100 T1000
Supports U F U F U F U F

1 83 21.7 92 22.0 120 22.1 164 22.7
2 83 21.2 93 21.0 120 21.1 164 20.5
3 83 21.2 93 21.0 120 20.9 164 20.9
4 83 21.2 93 21.0 120 20.9 164 20.9
5 83 21.2 93 21.0 120 21.1 164 20.5
6 83 21.7 92 22.0 120 22.1 164 22.7

From the results, the relative displacement can be calculated at each time step. Figure 6.13 shows
how the relative displacement change over time. Since P1 and P6 are at the same height at each time
step, there is no tilt to be measured.

Figure 6.13: Resulting settlement calculation Ca

The maximum values of this calculation are:

Maximum 𝑈 = 164 mm at T1000
Maximum 𝛽 = 0.2 / 2400 at T1000
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6.1.10. Calculation Cb
For Calculation Ba, the displacements and reaction forces are calculated with the results given in Table
6.10.

Table 6.10: Displacements 𝑈 in𝑚𝑚 and support reactions 𝐹 in 𝑘𝑁 over time (Calculation Cb)

T0 T10 T100 T1000
Supports U F U F U F U F

1 83 21.5 92 21.8 120 21.9 164 22.7
2 84 21.3 93 21.2 121 21.2 165 20.9
3 84 21.6 94 21.4 122 21.5 166 20.9
4 85 21.9 95 21.8 123 21.7 167 21.2
5 86 22.2 95 22.2 124 21.8 167 21.4
6 87 23.1 96 23.3 124 23.6 168 24.5

From the results, the relative displacement can be calculated at each time step. Figure 6.14 shows
how the relative displacement change over time. Due to the uneven loads applied, the building will
tend to tilt (𝜔). The difference between the two most outer piles is given in Figure 6.15.

Figure 6.14: Resulting settlement calculation Cb

Figure 6.15: Result relative displacement P1&P6 (calculation Cb)

The maximum values of this calculation are:

Maximum 𝑈 = 168 mm at T1000
Maximum 𝛽 = 0.2 / 2400 at T100
Maximum 𝜔 = 4.9 / 12000 at T100
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6.1.11. Calculation Cc
For Calculation Ba, the displacements and reaction forces are calculated with the results given in Table
6.11.

Table 6.11: Displacements 𝑈 in𝑚𝑚 and support reactions 𝐹 in 𝑘𝑁 over time (Calculation Cc)

T0 T10 T100 T1000
Supports U F U F U F U F

1 89 17.5 98 17.7 127 18.2 171 18.7
2 89 23.3 99 23.2 127 22.9 171 22.7
3 89 23.3 99 23.2 127 22.9 171 22.7
4 89 23.3 99 23.2 127 22.9 171 22.7
5 89 23.3 99 23.2 127 22.9 171 22.7
6 89 17.5 98 17.7 127 18.2 171 18.7

From the results, the relative displacement can be calculated at each time step. Figure 6.16 shows
how the relative displacement change over time. Since P1 and P6 are at the same height at each time
step, there is no tilt to be measured.

Figure 6.16: Resulting settlement calculation Cc

The maximum values of this calculation are:

Maximum 𝑈 = 171 mm at T1000
Maximum 𝛽 = 0.1 / 2400 at T1000
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6.1.12. Calculation Cd
For Calculation Ba, the displacements and reaction forces are calculated with the results given in Table
6.12.

Table 6.12: Displacements 𝑈 in𝑚𝑚 and support reactions 𝐹 in 𝑘𝑁 over time (Calculation Cd)

T0 T10 T100 T1000
Supports U F U F U F U F

1 88 17.3 98 17.8 126 17.7 170 18.2
2 89 23.4 99 23.1 127 23.1 171 23.1
3 90 23.7 100 23.5 128 23.6 172 22.6
4 91 24.1 101 23.3 129 24.2 173 23.9
5 92 24.5 102 24.9 130 23.9 174 24.8
6 93 18.7 103 18.9 131 19.2 175 19.0

From the results, the relative displacement can be calculated at each time step. Figure 6.17 shows
how the relative displacement change over time. Due to the uneven loads applied, the building will
tend to tilt (𝜔). The difference between the two most outer piles is given in Figure 6.15.

Figure 6.17: Resulting settlement calculation Cd

Figure 6.18: Result relative displacement P1&P6 (calculation Cd)

The maximum values of this calculation are:

Maximum 𝑈 = 175 mm at T1000
Maximum 𝛽 = 0.1 / 2400 at T10
Maximum 𝜔 = 5.4 / 12000 at T10
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6.1.13. Summary: Deformations
The executed calculations are analysed on the structures performance. Table 6.13 gives a summari-
sation of the performance by outlining the maximum values for Total displacement, Relative Rotation,
and Tilt. The latter two have been compared to their sufficiency on the given boundary conditions from
the NEN.

Table 6.13: Calculation results of the maximum total displacement, relative rotation, tilt, and their sufficiency

Maximum: Total U [mm] Rel. Rot. (𝛽) Tilt (𝜔) Sufficient?
Calc Aa 171 7.3 /2400 0 /12000 Yes
Calc Ab 173 8.2 /2400 5.8 /12000 No, 𝛽 > 1/300
Calc Ac 173 9.7 /2400 0 /12000 No, 𝛽 > 1/300
Calc Ad 176 12.2 /2400 5.4 /12000 No, 𝛽 > 1/300
Calc Ba 147 0.8 /2400 0 /12000 Yes
Calc Bb 151 1.9 /2400 5.1 /12000 Yes
Calc Bc 153 0.3 /2400 0 /12000 Yes
Calc Bd 158 1.3 /2400 6.2 /12000 Yes
Calc Ca 164 0.2 /2400 0 /12000 Yes
Calc Cb 168 0.2 /2400 4.9 /12000 Yes
Calc Cc 171 0.1 /2400 0 /12000 Yes
Calc Cd 175 0 /2400 5.4 /12000 Yes

6.2. Discussion: Deformations
With the test results, a few observations can be made.

• A stiffer superstructure decreases the maximum total settlement U;
Comparing the results from calculation Aa & Ab with those from Ca & Cb, it can be seen that
despite having been applied to the same loads, the maximum settlement of the CLT wall system
is less than of the continuous beam. This can be explained by the better distribution of the forces
to the foundation piles. The wall system ensures that the piles at the side of the wall take more
force and the middle piles less.

• A stiffer superstructure lowers average settlement U over time;
If the average pile displacement is calculated for calculation Aa and Ca, it would result in an
𝑈𝑎𝑣𝑔 = 165, 4𝑚𝑚 for calculation Aa and 𝑈𝑎𝑣𝑔 = 163, 9𝑚𝑚 for calculation Ca at T1000. This
suggests that a more equal distribution of the load, results in lower settlements overall.

• The use of piles with lower capacity at the outer positions does not improve the performance of
a less stiff superstructure;
Based on the methodology for meeting the requirements at T0, a 200×200 GL24h beam was
determined to be adequate. However, the structure would not meet the requirements at later
stages in time based on the boundary conditions for 𝛽.

• Losing capacity on the outer piles of a stiff wall system, affects the total settlement and tilt more
negatively then with a less stiff superstructure;
By decreasing the capacity of the outer piles, the maximum total settlement of a stiff structure
increases more than that of a less stiff structure. It also makes the stiffer structures more sus-
ceptible for tilt. This can be explained by the fact that a stiffer structure is better able to distribute
forces to the outer piles and uses them to their advantage. The

• The tilt resulting from differential loading of the permanent load is minimal and exhibits a slight
incremental increase over time;
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The differential displacements caused by tilting can increase over time, but never increase with
more than half of the initial differential displacement between P1&P6. The deformations never
come close to the boundary condition of 1/300 tilt in any of the calculations.

• The tilt of the structure increases less over time for stiffer structures;
Comparing the results of calculation Ab and Cb, the difference between the relative displacement
of supports 1&6 is 2 mm for calculation Ab and 1 mm for calculation Cb.

• Using a lightweight wall system decreases the overall settlement.
With calculation Ba having a total vertical force of 102 kN on the foundation and calculation Ca
128 kN, a reduction in loads of 20% is achieved. Comparing the total settlement of the two, a
reduction of 11% can be seen.

6.3. Results: Capacity
Each wall system has been calculated on the maximum bending stress within the structural elements.
A clear distinction occurs in the stress propagation between the structure from calculation A and with
the wall in calculation B and C.

6.3.1. Calculation A: Continuous beam
With the beam deforming in a U-shape in calculation Aa and Ab, the moment line is always positive.
This results in the stresses at the top of the beam, always being in compression and at the bottom
always in tension. Figure 6.19 shows the stresses that occur in calculation Aa.

Figure 6.19: Calculation Aa: Resulting stress 𝜎𝑥 at T1000

The maximum stresses present in the beams from calculation A, are summarized in Table 6.14. From
this table, it can be stated that even the beams with the smallest dimension and highest relative dis-
placements, still do not surpass the bending strength of the material 𝑓𝑚,𝑘 = 24𝑀𝑃𝑎.

Table 6.14: Resulting bending stress 𝜎𝑥 in Calculation A

Max 𝜎𝑥 [MPa] Sufficient?
Calc Aa 2.3 Yes
Calc Ab 2.2 Yes
Calc Ac 3.9 Yes
Calc Ad 5.0 Yes

6.3.2. Calculation B&C: Continuous beam + Wall
With a wall positioned on top of the continuous beam, the stress propagation will change. The wall
acts as a large and slender beam, creating a high stiffness that has little deformations within its own
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elements. Above the supports, the continuous beam is undergoing compression at the bottom and
tension at the top. Except for the outer supports, where it is the other way around. Figure 6.20 and
6.21 shows the stresses of the wall in calculation Ca at T1000.

Figure 6.20: Resulting stress 𝜎𝑥 calculation Ca at T1000

Figure 6.21: Resulting stress 𝜎𝑦 calculation Ca at T1000

Table 6.15 displays the maximum stresses in the 𝑥 and 𝑦 direction that occur in the wall system.
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Table 6.15: Resulting stress 𝜎𝑥 and 𝜎𝑦

Calculation Max 𝜎𝑥 [MPa] Max 𝜎𝑦 [MPa] Max 𝑓𝑡,0,𝑘 [MPa] 𝑓𝑐,0,𝑘 [MPa] Sufficient?
Calc Ba 0.9 -4.2 9.4 15.4 Yes
Calc Bb 0.9 -4.8 9.4 15.4 Yes
Calc Bc 1.1 -2.5 9.4 15.4 Yes
Calc Bd 1.1 -3.1 9.4 15.4 Yes
Calc Ca 0.8 -0.9 14 21 Yes
Calc Cb 0.7 -1.0 14 21 Yes
Calc Cc 0.8 -0.7 14 21 Yes
Calc Cd 0.8 -0.7 14 21 Yes

6.4. Discussion: Capacity
Based on the results, it can be stated that no significant stress will occur that can cause failure. Even
the calculation with the smallest profile does not come close to its maximum bending stress, even with
the safety factors given in Section 3.3.1. That the results turn out this way, can be explained by the
boundary conditions used for this research. Because each case is designed to meet the relative rota-
tion requirements given by the NEN norm at T0, each calculation has a high stiffness to compensate
for the lower stiffness of the pile foundation. Even the continuous beam of calculations Aa and Ab, that
was supposed to represent a lower stiffness, has a relatively large profile. Therefore, it can be stated
that the feasibility of this structure is not dependent on the capacity of the structural elements for this
given case study.

Looking at the stress propagation in the wall, it can be seen that in the X direction most area of the wall
is under compression stress. However, above the supports, a tension stress can be seen. The stress
propagation in the x direction is a combination of behaviour of the whole structure on a large scale and
small scale behaviour. Figures 6.22 and 6.23 give a schematisation of the expected stress propagation
within the wall caused by global displacements and local displacements.

Figure 6.22: Schematisation of the global stress propagation of the wall system
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Figure 6.23: Schematisation of the local stress propagation of the wall system (Orange=Tension & Blue=Compression)

There are no tension stresses that are present at the top of the wall in any of the calculations, which
means that there is no rocking of the panels. When constructing this system with individual panels,
a proper connection should be made that takes these tension stresses into account. Especially if the
design loads are increased.
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Discussion

In this chapter, different model assumptions and their impact will be discussed. Furthermore, the influ-
ence of differentiations in the soil and foundation properties will be discussed.

7.1. Soil assumptions
In Appendix D, a few soil differentiations are investigated. The results show the importance of the soil
properties on the settlement of a pile. In this study several assumptions were made regarding the soil
conditions:

• Assumed soil properties: The soil properties used in this research are based on Table 5.3 in
Appendix A. This table is used to give an approximation of the soil parameters that can be ex-
pected. However, there are multiple factors that influence the properties of the soil. For instance,
deeper clay layers have been subjected to prolonged compression over time, likely resulting in
increased consolidation and greater resistance to further compression.

• Homogeneous soil properties: The soil is assumed to be homogeneous across the entire foun-
dation area. In reality, variations in soil composition, stiffness, and bearing capacity can occur
due to natural inconsistencies. Small-scale inhomogeneities may lead to differential settlement.
Additionally, natural variations in soil composition, moisture content, and previous loading condi-
tions may lead to localized deviations from the assumed values, potentially affecting settlement
predictions.

• Groundwater level stability: The analysis assumes that the groundwater level remains stable
over time. However, groundwater fluctuations due to seasonal changes or drainage variations
can significantly affect settlement behaviour. Changes in groundwater levels could influence the
total settlement or even the differential settlement if the level is not equal over the whole 12meters.

7.2. Structure assumptions
The structural analysis in this study relies on several assumptions regarding material behaviour, load
distribution, and structural connections. These simplifications, while necessary for feasibility, introduce
certain limitations:

• Connection behaviour and creep: The timber elements require mechanical connections, which
may experience deformation over time due to creep or cyclic loading. These deformations are
not explicitly modelled, as they are considered negligible compared to the overall structural de-
formations and the relatively low stress levels in the structure. However, for larger or multi-story
buildings, connection slip and creep effects could become more significant. Research by Pim Mol
(Mol, 2023) demonstrates that fastener slip can increase total deformation in wooden structures,
an aspect that should be considered in future studies.
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• 2D Structural modelling limitations: The structure was modelled in a two-dimensional (2D)
environment, which inherently omits out-of-plane effects and the three-dimensional behaviour
of load redistribution. In reality, torsional effects, lateral stiffness contributions, and localized
connection flexibility could influence performance. A full 3D structural interaction analysis would
provide a more comprehensive understanding of these effects.

• Material performance over time: The timber material is assumed to exhibit homogeneous elas-
tic behaviour throughout its service life. However, long-term factors such as moisture variations,
ageing effects, and material degradation may influence its structural performance.

7.3. Modelling approach
The numerical modelling approach adopted in this study provides valuable insights but comes with
limitations. These constraints must be considered when interpreting the results:

• Iterative numerical rounding errors: The modelling process involves iterative calculations that
can lead to numerical noise due to rounding errors. While these errors remain within acceptable
tolerances, they may slightly influence predicted settlement values.

• Group effect approximation: The interaction between closely spaced piles was not possible
to model in an axisymmetric model, but was estimated using empirical correlations. The gen-
eral settlement patterns obtained in this study align with findings from Angeliki E. Arapakou and
Vasileios P. Papadopoulos (Arapakou & Papadopoulos, 2012). While the approach provides a
reasonable approximation, more refined finite element modelling could improve accuracy.

7.4. Case study: Influence foundation differentiations
The case study in this project is based on the relation between the stiffness of the superstructure and
the settlements. However, changes in the soil composition or foundation elements have mostly been
left out. To still investigate these changes, a separate case study has been done in Appendix D.2. The
differentiations investigated are: the use of longer piles, piles with multiple helices and changes in the
soil profile. The information obtained from this case study can be summarized as follows:

• Using a longer foundation pile with a lower helix lessens the settlement of the pile. The difference
in settlement increases over time.

• A weaker soil layer than estimated, will increase the settlement.

• A depth change of the Pleistocene soil layer is less impactful than a depth change of the helical
plate.

• Using two helical plates improves the resistance of the pile to settlement. This resistance is not
expected to increase at later stages in time. Secondary settlement is therefore similar to a pile
with a single helix.

• When using two helical plates on a pile, a wider spacing between the helical plates is more
beneficial for resisting settlements.

With the obtained knowledge, better advise can be given on the optimisation of this structure.
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Conclusion

In an attempt to find a sustainable solution for the housing crisis at short notice, a lightweight, timber
building design is proposed that is placed on short foundation piles. This research investigates the
impact of helical foundation piles on the settlement of the structure and how the stiffness of the super-
structure can influence these settlements. The research aims to provide an answer to the question:

”What is the structural feasibility of a lightweight, modular wooden building design on short, screwed
foundation piles that is expected to have large amount of settlement?”

Starting with the foundation methodology of using short, screwed, helical foundation piles, it is feasible
to support a lightweight structure without structural problems if the present soil is homogeneous over
the length of the structure. These piles transfer vertical loads to deeper soil that have a higher effective
stress. This provides a higher bearing capacity and reduces settlement over time to some extent. A
minimum spacing of two times the diameter of the helical plate is required when positioned in soft soil,
to ensure that the interaction between the foundation piles is minimise. The helical plate provides most
of the bearing capacity and the position is therefore important. Placing the plate in peat soil will lead to
a lower capacity and higher settlements, risking the stability of the structure, and should be avoided.
Lastly, when helical piles are installed in soft soil, large amount of settlement will occur in both the short
and long term. To prove that a structure is sufficient, the settlements should be considered at multiple
points in time in terms of total settlement (𝑈), differential rotations (𝛽), tilt (𝜔), and element capacity (𝜎).

Creating a proper design for the wall system, contributes to a structure that is more resistant to total
settlements and differential settlements. A stiffer wall system has the ability to redistribute more force to
the foundation piles at the most outer position. This reduces the differential settlement between piles,
but also reduces the maximum total settlement of the wall. The resistance to deformations of the outer
foundation piles is therefore more impactful with a stiffer superstructure.

The redistribution of forces within the wall does lead to an increase in compressive vertical stress above
the outer supports that also increase over time. For this case study, where the boundary conditions
are based of the differential displacements, these stresses do not cause failure. Tension stresses will
occur within the wall, but none will lead to rocking of the panels for the cases in this research.

Overall, the settlements caused by permanent and uneven live loads do not threaten the structural
integrity of the building. Utilising the wall system of the building to redistribute forces over the foun-
dation piles, improves the resilience of the structure to differential displacements and makes it save
for use. The main concern for this structure in a location with a homogeneous soil profile is overall
settlement. This is particularly important for utility connections and timber components, which have
specific limitations regarding decay prevention.
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9
Recommendations

This chapter will give recommendations for the design based on the information obtained in the results
and will give suggestions for future research to increase the validity of this design methodology.

9.1. Concept design
Time dependency
This research demonstrates promising results for the construction of small-scale lightweight structures
using this methodology. However, the calculations show that constructions that fulfil the requirements at
the start of its life time, do not guarantee a sufficient structure later on. That is why in future projects with
the same building concept, it is recommended to investigate the structure at multiple stages throughout
its lifetime. The following three stages are recommended:

• At the end of the construction;

• After 100 days. This gives insight on if the structure is sufficient after the primary consolidation
has ended;

• At the intended end of the structures lifetime. This ensures that the structure is sufficient after
large amount of secondary settlement.

Importance of the outer piles with stiff wall systems
In structures where significant settlement is not expected, the outer foundation piles are often designed
with smaller dimensions. These piles typically bear less load, allowing for cost reductions by minimising
their size. However, in this research, stiffer systems demonstrate a greater reliance on the capacity of
the outer piles. Increasing the load-bearing capacity of these outer piles could help mitigate the tilt of
the structure.

It is important to note that enhancing the capacity of the outer piles also leads to greater force redistri-
bution within the system, potentially causing the overall capacity to be reached sooner. Measurements
such as using multiple helices or positioning the helix deeper in the soil, can be used to improve the
capacity of the outer piles. These measurements will also increase the piles resistance to settlement,
meaning that over time the stiffness of the support increases in comparison to the other piles. The
stresses within the structural elements will over time increase as well.

Sustainability
The main concept design of this project, aims to find a sustainable, short term solution to address the
housing crisis. This should be achieved by using mostly environmental friendly and reusable materials.
The structure consists of steel helical piles for the foundation and wooden elements for the superstruc-
ture to match this philosophy.

Steel helical piles are selected for their reusability and ease of retrieval. Their short length and screw-in
installation allow for quick deployment and removal, making them a low-impact alternative to traditional
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deep foundations. However, the steel is susceptible for corrosion, especially when exposed to fluc-
tuating groundwater levels. To ensure longevity, proper treatments such as hot-dip galvanization or
protective coatings should be applied to prevent corrosion.

Lastly, the wooden components come from sustainable sources. However, their longevity is dependent
on the moisture exposure. With a proper design this will not cause big problems, but it might be worth
considering hardwood or even steel as foundation beams on top of the piles. This would make the
building design better at dealing with unexpectedly high settlements that result in the structure getting
in contact with the soil surface. Treating the wood with chemicals would also make it more resistant to
moisture exposure, but it will make the components less reusable and environmental friendly. Ideally,
this should be avoided.

9.2. Future research
While this study has provided valuable insights into the structural feasibility of this building design, sev-
eral aspects require further investigation to refine and optimize the design. Future research should
focus on a 3D model for the settlements, the impact of dynamic loading on the structure and a more
detailed structural model on the connections of the timber structure.

3D PLAXIS model
In this research, multiple assumptions were done to represent the 3D effects of the short helical pile
foundation. To better understand the real effects of this foundation methodology, a 3D model should
be developed. This would provide insights into:

• The effect of a non homogeneous soil profile;

• The effect of using a group of helical piles on the displacements of each pile;

• The effect of other nearby structures on the settlement of the building.

The use of a single 3D model will also take away the rounding errors caused by the iterative process
between PLAXIS 2D and SCIA Engineer.

Connection design of the timber elements
The use of timber elements in construction introduces additional mechanisms that this research has
not explored in detail. Future studies should focus on the long-term effects of differential settlement on
timber structures, particularly in relation to joint behaviour and creep. Investigating how connections
perform over time under varying settlement conditions would provide valuable insights into the durabil-
ity and serviceability of timber construction.

Field test
To validate the predicted settlements and assess the behaviour of the structure under real-world condi-
tions, it is essential to conduct full-scale field tests. Such tests would provide empirical data to confirm
the performance of the design. It will also be helpful in researching the influence of the modelling as-
sumptions used in this study.

More locations
In this research, a single soil profile is used that represents a location with large layers of soft soil. While
variations within this profile have been considered, the study does not account for other geographical
locations with different soil conditions. Expanding the research to include diverse soil profiles and loca-
tions would offer a broader understanding of how the foundation system performs under varying ground
conditions.

Dynamic behaviour
Lastly, future research should look into the dynamic loads caused by wind or seismic activity. This is
especially relevant for lightweight timber structures, which may exhibit different responses to dynamic
forces compared to heavier materials.
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A
Appendix A: Soil properties

In this Appendix, the soil properties used for the calculation are given and the determination of the
chosen soil profile is explained. First Table A.1 gives the soil properties obtained from the NEN9997.

Figure A.1: Soil properties(Nederlands Normalisatie-instituut, 2017)

Determining ground profile of a location can be done by doing a cone penetration test (CPT). This
test measures the resistance on the cone and the friction over a certain depth. By analysing these
measurements the soil type at a given depth can be determined. Figure A.3 and Table A.1 show the
estimated values for different soil types with their values in relation to the cone penetration test.
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Figure A.2: CPT Oude Leedenweg (TNO, 2024)
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Figure A.3: Relation friction ratio with soil (Backhausen & van der Stoel, 2014)

Table A.1: Friction ratio and cone resistance for different soil types.

Soil Type Friction Ratio [%] Cone Resistance [MPa]
Clay 3.0 – 6.0 2.0 – 5.0
Peat > 6.0 5.0 – 10.0
Loam 1.2 – 3.0 2.0 – 4.0
Sand 0.5 – 2.0 > 5.0
Gravel 0.2 – 0.5 15 – 30

This results in the following soil profile:

Top Layer (m) Bottom Layer (m) Soil Type
0.0 -0.5 Peat weak
-0.5 -0.6 Clay weak mod
-0.6 -1.8 Peat mod
-1.8 -5.0 Clay sandy mod
-5.0 -10.6 Clay clean mod
-10.6 -11.3 Peat mod
-11.3 -12.2 Clay clean weak
-12.2 -12.7 Clay sandy mod
-12.7 -16.0 Sand clean mod

The groundwater level will be assumed to be at 4.5 meters underneath NAP. This value is estimated by
available information in Dinoloket. From the database the Groundwater level graph of a nearby location
is obtained and after 2004 the groundwater has exceeded -4.5m NAP once, see Figure. With ground
level being at -4m NAP, the phreatic level in the model will be at -0.5.
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Figure A.4: Groundwater level Oude Leedenweg (TNO, 2024)



B
Appendix B: Validation of the settlement

For the calculations done by using PLAXIS software, a soft soil creep model is used to determine the
settlements of a helical pile. This model takes into account the immediate, primary, and secondary
settlements. To validate the model, a hand calculation is done from which the results will be compared
to the PLAXIS model.

The stress increase in the soil is most apparent underneath the helical plate. Looking at the stress
increase deeper in the soil, it can be seen that it spreads out as discussed in Section ??. Of the soil,
the first 2 meters underneath the helical plate will be investigated. This soil consist of clay soil that is
moderately sandy. The input for moderately sandy clay soil is as follows:

Properties of Clay sandy moderate soil:

𝛾𝑢𝑛𝑠𝑎𝑡 18 𝑘𝑁/𝑚3
𝛾𝑠𝑎𝑡 18 𝑘𝑁/𝑚3
𝐸𝑟𝑒𝑓 3 𝑀𝑃𝑎
𝜈 0.3 −
𝑐′𝑟𝑒𝑓 5 𝑘𝑃𝑎
𝜙 22.5 𝑑𝑒𝑔𝑟𝑒𝑒𝑠
𝐶𝑐 0.173 −
𝐶𝑠 0.017 −
𝐶𝑎 0.004 −
𝐶′𝑝 20 −
𝐶′𝑠 240 −

The pile properties are:

Unit weight 78, 5𝑘𝑁/𝑚3 ;
𝐸𝑟𝑒𝑓 2, 0 ∗ 105𝑁/𝑚𝑚2 ;
𝑑 0, 1𝑚;
𝐷 0, 6𝑚.

A force of 20 kN is chosen for this validation. The equivalent stress underneath the surface pile is 70,7
kPa.

The soil layer of moderately sandy soil is split into layers with the size of 200 mm. This is done to take
into account the non linear spreading of the stress, described in Section 2.2.2.
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B.1. Effective stress
To calculate the settlement underneath the pile the effective stress within the soil has to be determined.
This can be done by using the soil properties found in Appendix A and equations 2.1, 2.2 and 2.3. The
soil profile given in Table 4.1 results in the stresses shown in Table B.1at depth where there is a change
in soil condition.

𝜎′𝑧𝑧 = 𝜎𝑧𝑧 − 𝑝𝑤𝑝 (2.1)

𝜎𝑧𝑧 = 𝛾 ⋅ 𝑧 (2.2)

𝑝𝑤𝑝 = 𝛾𝑤 ⋅ 𝑧𝑤 (2.3)

Table B.1: Stresses at different depths for the location

Depth [m] 𝜎𝑧𝑧 [kPa] 𝑝𝑤𝑝 [kPa] 𝜎′𝑧𝑧 [kPa]
0.0 0.0 0.0 0.0
0.5 5.5 0.0 5.5
0.6 6.9 0.0 6.9
1.0 11.7 0.0 11.7
1.8 21.3 8.0 13.3
5.0 78.9 40.0 38.9
10.6 174.1 96.0 78.1
11.3 183.9 103.0 80.9
12.2 200.1 112.0 88.1
12.7 210.1 117.0 93.1
16.0 276.1 150.0 126.1

The groundwater level is estimated at a depth of one meter underneath the surface. Each meter going
downwards the water stress will increase with 10 kPa. A schematisation of the soil stress and water
stress is given in Figure B.1

Figure B.1: Stress propagation of 𝜎𝑧𝑧 and 𝑝𝑤𝑝 over depth with the estimated soil profile
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B.2. Stress spreading underneath a helical pile
The stress underneath a circular surface spreads out over the depth. A conservative value of the stress
at a certain depth can be calculated with formula 2.4.

Δ𝜎′𝑣,𝑧,𝑑 = 𝑝gem,𝑑 × ⎛

⎝

1 − 1

√(1 + 𝑎2
𝑧2 )

3
⎞

⎠

(2.4)

Where:

Δ𝜎′𝑣,𝑧,𝑑: The calculated value of the effective stress increase at a depth 𝑧, in kPa;
𝑝gem,𝑑: The calculated value of the uniformly distributed load, in kPa;
𝑎: Radius of the circular load, in m;
𝑧: Depth underneath the circular load, in m;

For each segment of 200 mm soil, the average effective stress increase is calculated. For instance,
the first segment has stress of 70,7 kPa at the top and, by using equation, 2.4 the bottom stress at a
depth of 0,2 m is calculated to be 58,7 kPa. The average stress in the segment is therefore 64,7 kPa.
This is done for 10 segments covering 2 meters of soil underneath the helical plate.

Table B.2: Segment stress increase overview

Segment 𝑝top [kPa] 𝑝bot [kPa] 𝑎 [m] 𝑧 [m] 𝑝avg [kPa]
1 70.7 58.7 0.3 0.2 64.7
2 58.7 34.5 0.3 0.4 46.6
3 34.5 20.1 0.3 0.6 27.3
4 20.1 12.7 0.3 0.8 16.4
5 12.7 8.6 0.3 1.0 10.6
6 8.6 6.1 0.3 1.2 7.4
7 6.1 4.6 0.3 1.4 5.4
8 4.6 3.6 0.3 1.6 4.1
9 3.6 2.8 0.3 1.8 3.2
10 2.8 2.3 0.3 2.0 2.6
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B.3. Hand calculation pile settlement
For each segment a hand calculation is done to estimate the expected settlements and validate the
model. The formulas 2.5, 2.7 and 2.9 are used to make this estimation.

Δ𝐷 = −(1 + 𝜈)(1 − 2𝜈)𝐸(1 − 𝜈) ∗ 𝑝 ∗ 𝐷 (2.5)

𝑠1 =
𝑗=0

∑
𝑗=𝑛

1
𝐶′𝑝;𝑗

∗ 𝑑𝑗 ∗ 𝑙𝑜𝑔(
𝜎′𝑣;𝑧;0;𝑑 + Δ𝜎

′
𝑣;𝑧;𝑑

𝜎′𝑣;𝑧;0;𝑑
) (2.7)

𝑠2 =
𝑗=0

∑
𝑗=𝑛

1
𝐶′𝑠;𝑗

∗ 𝑑𝑗 ∗ 𝑙𝑜𝑔(
𝑡
𝑡0
) ∗ 𝑙𝑛(

𝜎′𝑣;𝑧;0;𝑑 + Δ𝜎
′
𝑣;𝑧;𝑑

𝜎′𝑣;𝑧;0;𝑑
) (2.9)

Immediate settlement
Each segment is has a thickness 𝐷 of 200 mm and an elasticity modulus 𝐸 of 3 MPa (obtained from
Table A.1. The deeper the immediate settlement is calculated, the less the deformations become. The
values found in B.2 are used for 𝑝 in the equation.

Table B.3: Immediate settlement segment Overview

Segment 𝑝 [kPa] D [mm] 𝑣 𝐸𝑚 [MPa] Δ𝐷 [mm]
1 64.7 200 0.3 3 -3.2
2 46.6 200 0.3 3 -2.3
3 27.3 200 0.3 3 -1.4
4 16.4 200 0.3 3 -0.8
5 10.6 200 0.3 3 -0.5
6 7.4 200 0.3 3 -0.4
7 5.4 200 0.3 3 -0.3
8 4.1 200 0.3 3 -0.2
9 3.2 200 0.3 3 -0.2
10 2.6 200 0.3 3 -0.1

This results in a deformation of Δ𝐷 = −9, 3𝑚𝑚 in the first 2 meters under the helical plate.



B.3. Hand calculation pile settlement 97

Primary settlement
For the primary and secondary settlement, the existing effective stress affects the impact of the increase
in stress. The existing effective soil stress is dependent on the depth and can be calculated for a depth
between -3m and -5m by using the linear increase of the effective stress between depth -1,8m and -5m.

Figure B.2: Effective soil stress 𝜎′𝑧𝑧 propagation over depth

This part of the effective stress can be described by the following formula:

𝜎′𝑧𝑧 =
𝐷−1,8
5,0−1,8 ∗ (38, 9 − 13, 3) + 13, 3, for 1, 8 < 𝐷 < 5

With the knowledge of the existing effective stress in the soil, the primary settlement 𝑠1 can be calcu-
lated. Each 𝑠1 is calculated by equation 2.7. This results in the calculation found in Table B.4.
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Table B.4: Primary settlement segment Overview

Segment 𝐶′𝑝∶𝑗 𝑑𝑗 [mm] 𝐷𝑎𝑣𝑔 [m] 𝜎 [kPa] 𝑠1 [mm]
1 20 200 3.1 23.7 13.2
2 20 200 3.3 25.3 10.4
3 20 200 3.5 26.9 7.0
4 20 200 3.7 28.5 4.5
5 20 200 3.9 30.1 3.0
6 20 200 4.1 31.7 2.1
7 20 200 4.3 33.3 1.5
8 20 200 4.5 34.9 1.1
9 20 200 4.7 36.5 0.8
10 20 200 4.9 38.1 0.7

Adding the 𝑠1 of each segment results in a total primary settlement of 44,4 mm.

Secondary settlement
The same existing effective stress from the last calculation, is applicable for the secondary settlement
of the pile 𝑠2. The calculation results of each segment can be seen in Table B.5.

Table B.5: Secondary settlement segment Overview

Segment 𝐶′𝑠∶𝑗 𝑑𝑗 [mm] Log(T/t0) 𝜎 [kPa] 𝑠2 [mm]
1 240 200 2.1 23.7 2.3
2 240 200 2.1 25.3 1.8
3 240 200 2.1 26.9 1.2
4 240 200 2.1 28.5 0.8
5 240 200 2.1 30.1 0.5
6 240 200 2.1 31.7 0.4
7 240 200 2.1 33.3 0.3
8 240 200 2.1 34.9 0.2
9 240 200 2.1 36.5 0.1
10 240 200 2.1 38.1 0.1

Adding all the values of 𝑠2 results in a settlement of 7,8 mm for this 2 meter thick segment of soil.

In conclusion the settlement of this 2meter thick segment after 130 days, can be summarized as follows:

Settlement after 130 days

Immediate settlement 𝐷 = 9.3mm
Primary settlement 𝑠1 = 44.4mm
Secondary settlement 𝑠2 = 7.8mm

Total settlement 𝑠2 = 61, 5mm
From the calculation it can be observed that around 75% of the total settlement in the first 100 days is
caused by the primary settlement.
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B.4. PLAXIS simulation
The same soil conditions stated in Table 5.3 are applied in the soft soil creep calculation in PLAXIS 2D.
For this validation, the 2 meters underneath the helical plate will be investigated. The displacement of
the pile will be distracted with the displacement of the soil at a depth of 5 meter. This will result in a
value for the compression of the soil.

To simulate the calculation, the pile is placed and a load of 20 kN is applied at day 1. Afterwards the
load stays for 99 days. The model will calculate the deformations at day 100 which results in a defor-
mation schematisation shown in Figure B.3. The output shows a large displacement of the soil around
the helical pile, but the differential displacement within the soil lessens at deeper levels.

Figure B.3: Deformation results of a helical pile applied with 20 kN for 100 days

The helical plate settles 99,7 mm while the soil positioned at Y = -5 m settles with a value of 62,7 mm.
The total compression of the soil body with thickness of 2 meters is therefore 99, 7 − 61, 7 = 38𝑚𝑚.

B.5. Comparing results
When comparing the results of the hand calculation (61, 5𝑚𝑚) with the results of the PLAXIS model
(38𝑚𝑚), a difference of 22, 5𝑚𝑚 can be observed. The PLAXIS model expects the pile to settle 38%
less than when it is calculated by hand. However, the order of magnitude is in line with the hand cal-
culations. Several reasons can be given for the difference in settlement, but the intention of the hand
calculation is the biggest.

Immediate settlement
The immediate settlement obtained from the hand calculation is based on drained soil conditions. With
the position of the helical plate being underneath the groundwater level, the soil is not drained. The
pore water pressure present in the soil adds resistance to the immediate deformations, since the soil
is more difficult to move to the gabs in the soil.

Shaft friction
For the hand calculation, the shaft resistance is not taken into account. The shaft resistance leads to
a reduction in stress at the helical plate.

Load not equally distributed
For the hand calculation, it is assumed that the point load applied on top of the helical pile is equally
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distributed. The software shows that this is not the case. Figure B.4 shows a stress distribution at the
bottom of the foundation pile where the helical plate appears to apply less stress than assumed in the
calculation and the stress increases just below the tip of the pile.

Figure B.4: Soil stress within the soil underneath the helical plate

Stress spreading assumption
A last reason for the results not matching, is the assumptions done in the hand calculation. In Figure
2.6 it is shown that the stress calculated is the maximum stress within the soil. The actual stress un-
derneath the surface area of the plate is less than calculated. This is also supported with the results
shown in Figure B.4, where a higher soil stress is shown underneath the tip of the helical pile. PLAXIS
does take this into account and the deformation will therefore be less.

Shear effects
The formulas for the hand calculations are intended for an applied load over a big surface area. In this
situation, the soil displacement can be calculated as a 1D compression. In the PLAXISmodel, the shear
stresses and horizontal strains do play a role in the calculation. Research from Arifan Jaya Syahbana
and Dwi Sarah (Syahbana & Sarah, 2013) confirms this by comparing the two. The conclusion from
this paper explains that for low loads (< 40𝑘𝑁/𝑚2) and loads with a smaller surface area, the expected
settlement is lower in a 3D numerical model than with the 1Dmethod of Terzaghi. Figure B.4 shows that
most of the loads present in this part of the settlement calculation are lower than < 40𝑘𝑁/𝑚2 and since
the helical plate has a relatively small area, compared to for instance an embankment, the settlement
calculated in PLAXIS can be assumed to be representative.

B.6. Conclusion on validation
The settlement of a helical pile can be calculated by hand and with a program such as PLAXIS 2D. The
calculation has a large difference, but it can be explained by multiple factors. The order of magnitude
is correct and the behaviour of the soil matches the theory. Therefore, it can be concluded that PLAXIS
is a good tool for estimating the settlement of a helical pile for this particular research.
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The current model in PLAXIS 2D is an axisymmetrical model. This type of model is not able replicate
the multiple piles positioned underneath the structure at the same time. However, the group effect is
important for the overall behaviour of the structure. The applied stress will spread out over the depth
and eventually increase the soil stress underneath other piles, leading to larger settlement.

C.1. Methodology
The group effect will be implemented by looking at the deformation of soil at different distances from
the pile. The deformation at 𝑋 = 12𝑚 is taken as the 0 point for these deformations since the influence
of helical pile is neglectable at this distance. Figure C.1 Gives a schematisation of the calculation setup.

Figure C.1: Schematisation of the calculation setup for the pile influence at different distances

The calculation will investigate the situation of 𝐹 = 20𝑘𝑁, 𝐹 = 30𝑘𝑁 and 𝐹 = 40𝑘𝑁 at day 30 (T0), day
130 (T100) and day 1030 (T1000) similar to the phases in from the research. Table C.1 summarizes
this calculation setup.
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Table C.1: Displacement soil at different distances setup

F Day U2 [mm] U3 [mm] U4 [mm] U5 [mm] U11 [mm]
20 kN 30 - - - - -
30 kN 30 - - - - -
40 kN 30 - - - - -
20 kN 130 - - - - -
30 kN 130 - - - - -
40 kN 130 - - - - -
20 kN 1030 - - - - -
30 kN 1030 - - - - -
40 kN 1030 - - - - -

By using the cross section tool in PLAXIS 2D, the vertical deformations at the desired height can be
simulated. Figure shows the output of this tool for a load of 40 kN at T100.

Figure C.2: Cross section of the soil showing the deformation at depth 3m for a pile loaded with 40 kN at T100

Each cross section can generate a table that shows the displacement of the local node. The deforma-
tions can be obtained giving the following result:

Table C.2: Displacement soil at different distances

F Day U2 [mm] U3 [mm] U4 [mm] U5 [mm] U11 [mm]
20 kN 30 56.2 55.5 55.2 55.1 55.2
30 kN 30 56.9 55.9 55.5 55.3 55.3
40 kN 30 57.7 56.2 55.7 55.4 55.4
20 kN 40 61.2 60.4 60.1 59.9 59.9
30 kN 40 62.0 60.8 60.4 60.1 60.0
40 kN 40 62.9 61.3 60.6 60.3 60.1
20 kN 130 81.2 80.1 79.6 79.4 79.2
30 kN 130 82.4 80.8 80.1 79.7 79.4
40 kN 130 83.5 81.4 80.5 80.0 79.5
20 kN 1030 115.8 114.3 113.7 113.4 113.0
30 kN 1030 117.3 115.2 114.3 113.8 113.2
40 kN 1030 118.7 115.9 114.7 114.1 113.3

The differential displacement of each support in comparison with support 11, is increasing over time.
A table is constructed as an overview of these differential displacements:
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Table C.3: Differential displacement of the supports in comparison to support 11

Δ U2_11 [mm] Δ DU3_11 [mm] Δ DU4_11 [mm] Δ DU5_11 [mm]
1.0 0.3 0.0 -0.1
1.6 0.6 0.2 0.0
2.3 0.8 0.3 0.0
2.0 0.9 0.4 0.2
3.0 1.4 0.7 0.3
4.0 1.9 1.0 0.5
2.8 1.3 0.7 0.4
4.1 2.0 1.1 0.6
5.4 2.6 1.4 0.8

A matrix can be constructed that shows the displacement of each support as a consequence of other
piles. At a distance of 4,8 meter from a pile, the influence of the load is less than 1 mm at all time
stages and different loads. As a demonstration the matrix of the supports being loaded with a force of
30 KN at time stages T100 is constructed. The other calculated matrices are located in Appendix C.3.

Table C.4: Support Interactions 𝐹 = 30 kN at 𝑇100 (U is in mm)

Sup 1 Sup 2 Sup 3 Sup 4 Sup 5 Sup 6 Sup 7 Sup 8 Sup 9 Sup 10 Sup 11 Sum
U1 - 3.0 1.4 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.1
U2 3.0 - 3.0 1.4 0.7 0.0 0.0 0.0 0.0 0.0 0.0 8.1
U3 1.4 3.0 - 3.0 1.4 0.7 0.0 0.0 0.0 0.0 0.0 9.5
U4 0.7 1.4 3.0 - 3.0 1.4 0.7 0.0 0.0 0.0 0.0 10.2
U5 0.0 0.7 1.4 3.0 - 3.0 1.4 0.7 0.0 0.0 0.0 10.2
U6 0.0 0.0 0.7 1.4 3.0 - 3.0 1.4 0.7 0.0 0.0 10.2
U7 0.0 0.0 0.0 0.7 1.4 3.0 - 3.0 1.4 0.7 0.0 10.2
U8 0.0 0.0 0.0 0.0 0.7 1.4 3.0 - 3.0 1.4 0.7 10.2
U9 0.0 0.0 0.0 0.0 0.0 0.7 1.4 3.0 - 3.0 1.4 9.5
U10 0.0 0.0 0.0 0.0 0.0 0.0 0.7 1.4 3.0 - 3.0 8.1
U11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 1.4 3.0 - 5.1

C.2. Conclusion
From the results of all the calculations, a few conclusions can be made. Firstly, the differential set-
tlement of a support caused by other helical piles, increases over time. Secondly, the most inner
positioned piles will have twice as much settlement caused by others, compared to the most outer
positioned piles. Thirdly, the differential settlement is less than 5% in comparison with the total defor-
mations caused by a maximum force of 40 kN.

For this research however, a difference in settlement of this order of magnitude is important. The
relative rotations (𝛽) between the piles should not exceed 1/300 and with a pile spacing of 1,2 meters,
the difference in settlement should not exceed 4 mm. That is why a group settlement applicable to the
load, should be implemented in the calculations. Section 5.1.2 goes into detail on how the additional
deformations are implemented in SCIA.
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C.3. Calculations group effect
In this section, the calculations are given for the group effect of the piles under different loads at different
stages in time.

Table C.5: Support Interactions 𝐹 = 20 kN at 𝑇0

Sup 1 Sup 2 Sup 3 Sup 4 Sup 5 Sup 6 Sup 7 Sup 8 Sup 9 Sup 10 Sup 11 Sum
U1 - 1.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.3
U2 1.0 - 1.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.3
U3 0.3 1.0 - 1.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 2.6
U4 0.0 0.3 1.0 - 1.0 0.3 0.0 0.0 0.0 0.0 0.0 2.6
U5 0.0 0.0 0.3 1.0 - 1.0 0.3 0.0 0.0 0.0 0.0 2.6
U6 0.0 0.0 0.0 0.3 1.0 - 1.0 0.3 0.0 0.0 0.0 2.6
U7 0.0 0.0 0.0 0.0 0.3 1.0 - 1.0 0.3 0.0 0.0 2.6
U8 0.0 0.0 0.0 0.0 0.0 0.3 1.0 - 1.0 0.3 0.0 2.6
U9 0.0 0.0 0.0 0.0 0.0 0.0 0.3 1.0 - 1.0 0.3 2.6
U10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 1.0 - 1.0 2.3
U11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 1.0 - 1.3

Table C.6: Support Interactions 𝐹 = 20 kN at 𝑇10

Sup 1 Sup 2 Sup 3 Sup 4 Sup 5 Sup 6 Sup 7 Sup 8 Sup 9 Sup 10 Sup 11 Sum
U1 - 1.3 0.5 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.0
U2 1.3 - 1.3 0.5 0.2 0.0 0.0 0.0 0.0 0.0 0.0 3.3
U3 0.5 1.3 - 1.3 0.5 0.2 0.0 0.0 0.0 0.0 0.0 3.8
U4 0.2 0.5 1.3 - 1.3 0.5 0.2 0.0 0.0 0.0 0.0 4.0
U5 0.0 0.2 0.5 1.3 - 1.3 0.5 0.2 0.0 0.0 0.0 4.0
U6 0.0 0.0 0.2 0.5 1.3 - 1.3 0.5 0.2 0.0 0.0 4.0
U7 0.0 0.0 0.0 0.2 0.5 1.3 - 1.3 0.5 0.2 0.0 4.0
U8 0.0 0.0 0.0 0.0 0.2 0.5 1.3 - 1.3 0.5 0.2 4.0
U9 0.0 0.0 0.0 0.0 0.0 0.2 0.5 1.3 - 1.3 0.5 3.8
U10 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.5 1.3 - 1.3 3.3
U11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.5 1.3 - 2.0
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Table C.7: Support Interactions 𝐹 = 20 kN at 𝑇100

Sup 1 Sup 2 Sup 3 Sup 4 Sup 5 Sup 6 Sup 7 Sup 8 Sup 9 Sup 10 Sup 11 Sum
U1 - 2.0 0.9 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.3
U2 2.0 - 2.0 0.9 0.4 0.0 0.0 0.0 0.0 0.0 0.0 5.3
U3 0.9 2.0 - 2.0 0.9 0.4 0.0 0.0 0.0 0.0 0.0 6.2
U4 0.4 0.9 2.0 - 2.0 0.9 0.4 0.0 0.0 0.0 0.0 6.6
U5 0.0 0.4 0.9 2.0 - 2.0 0.9 0.4 0.0 0.0 0.0 6.6
U6 0.0 0.0 0.4 0.9 2.0 - 2.0 0.9 0.4 0.0 0.0 6.6
U7 0.0 0.0 0.0 0.4 0.9 2.0 - 2.0 0.9 0.4 0.0 6.6
U8 0.0 0.0 0.0 0.0 0.4 0.9 2.0 - 2.0 0.9 0.4 6.6
U9 0.0 0.0 0.0 0.0 0.0 0.4 0.9 2.0 - 2.0 0.9 6.2
U10 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.9 2.0 - 2.0 5.3
U11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.9 2.0 - 3.3

Table C.8: Support Interactions 𝐹 = 20 kN at 𝑇1000

Sup 1 Sup 2 Sup 3 Sup 4 Sup 5 Sup 6 Sup 7 Sup 8 Sup 9 Sup 10 Sup 11 Sum
U1 - 2.8 1.3 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.8
U2 2.8 - 2.8 1.3 0.7 0.0 0.0 0.0 0.0 0.0 0.0 7.6
U3 1.3 2.8 - 2.8 1.3 0.7 0.0 0.0 0.0 0.0 0.0 8.9
U4 0.7 1.3 2.8 - 2.8 1.3 0.7 0.0 0.0 0.0 0.0 9.6
U5 0.0 0.7 1.3 2.8 - 2.8 1.3 0.7 0.0 0.0 0.0 9.6
U6 0.0 0.0 0.7 1.3 2.8 - 2.8 1.3 0.7 0.0 0.0 9.6
U7 0.0 0.0 0.0 0.7 1.3 2.8 - 2.8 1.3 0.7 0.0 9.6
U8 0.0 0.0 0.0 0.0 0.7 1.3 2.8 - 2.8 1.3 0.7 9.6
U9 0.0 0.0 0.0 0.0 0.0 0.7 1.3 2.8 - 2.8 1.3 8.9
U10 0.0 0.0 0.0 0.0 0.0 0.0 0.7 1.3 2.8 - 2.8 7.6
U11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 1.3 2.8 - 4.8

Table C.9: Support Interactions 𝐹 = 25 kN at 𝑇0

Sup 1 Sup 2 Sup 3 Sup 4 Sup 5 Sup 6 Sup 7 Sup 8 Sup 9 Sup 10 Sup 11 Sum
Sup 1 - 1.20 0.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.6
Sup 2 1.20 - 1.20 0.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.8
Sup 3 0.40 1.20 - 1.20 0.40 0.00 0.00 0.00 0.00 0.00 0.00 3.2
Sup 4 0.00 0.40 1.20 - 1.20 0.40 0.00 0.00 0.00 0.00 0.00 3.2
Sup 5 0.00 0.00 0.40 1.20 - 1.20 0.40 0.00 0.00 0.00 0.00 3.2
Sup 6 0.00 0.00 0.00 0.40 1.20 - 1.20 0.40 0.00 0.00 0.00 3.2
Sup 7 0.00 0.00 0.00 0.00 0.40 1.20 - 1.20 0.40 0.00 0.00 3.2
Sup 8 0.00 0.00 0.00 0.00 0.00 0.40 1.20 - 1.20 0.40 0.00 3.2
Sup 9 0.00 0.00 0.00 0.00 0.00 0.00 0.40 1.20 - 1.20 0.40 3.2
Sup 10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.40 1.20 - 1.20 2.8
Sup 11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.40 1.20 - 1.6
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Table C.10: Support Interactions 𝐹 = 25 kN at 𝑇10

Sup 1 Sup 2 Sup 3 Sup 4 Sup 5 Sup 6 Sup 7 Sup 8 Sup 9 Sup 10 Sup 11 Sum
Sup 1 - 1.60 0.60 0.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.4
Sup 2 1.60 - 1.60 0.60 0.20 0.00 0.00 0.00 0.00 0.00 0.00 4.0
Sup 3 0.60 1.60 - 1.60 0.60 0.20 0.00 0.00 0.00 0.00 0.00 4.6
Sup 4 0.20 0.60 1.60 - 1.60 0.60 0.20 0.00 0.00 0.00 0.00 4.8
Sup 5 0.00 0.20 0.60 1.60 - 1.60 0.60 0.20 0.00 0.00 0.00 4.8
Sup 6 0.00 0.00 0.20 0.60 1.60 - 1.60 0.60 0.20 0.00 0.00 4.8
Sup 7 0.00 0.00 0.00 0.20 0.60 1.60 - 1.60 0.60 0.20 0.00 4.8
Sup 8 0.00 0.00 0.00 0.00 0.20 0.60 1.60 - 1.60 0.60 0.20 4.8
Sup 9 0.00 0.00 0.00 0.00 0.00 0.20 0.60 1.60 - 1.60 0.60 4.6
Sup 10 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.60 1.60 - 1.60 4.0
Sup 11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.60 1.60 - 2.4

Table C.11: Support Interactions 𝐹 = 25 kN at 𝑇100

Sup 1 Sup 2 Sup 3 Sup 4 Sup 5 Sup 6 Sup 7 Sup 8 Sup 9 Sup 10 Sup 11 Sum
Sup 1 - 2.50 1.10 0.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.2
Sup 2 2.50 - 2.50 1.10 0.60 0.00 0.00 0.00 0.00 0.00 0.00 6.7
Sup 3 1.10 2.50 - 2.50 1.10 0.60 0.00 0.00 0.00 0.00 0.00 7.8
Sup 4 0.60 1.10 2.50 - 2.50 1.10 0.60 0.00 0.00 0.00 0.00 8.4
Sup 5 0.00 0.60 1.10 2.50 - 2.50 1.10 0.60 0.00 0.00 0.00 8.4
Sup 6 0.00 0.00 0.60 1.10 2.50 - 2.50 1.10 0.60 0.00 0.00 8.4
Sup 7 0.00 0.00 0.00 0.60 1.10 2.50 - 2.50 1.10 0.60 0.00 8.4
Sup 8 0.00 0.00 0.00 0.00 0.60 1.10 2.50 - 2.50 1.10 0.60 8.4
Sup 9 0.00 0.00 0.00 0.00 0.00 0.60 1.10 2.50 - 2.50 1.10 7.8
Sup 10 0.00 0.00 0.00 0.00 0.00 0.00 0.60 1.10 2.50 - 2.50 6.7
Sup 11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.60 1.10 2.50 - 4.2

Table C.12: Support Interactions 𝐹 = 25 kN at 𝑇1000

Sup 1 Sup 2 Sup 3 Sup 4 Sup 5 Sup 6 Sup 7 Sup 8 Sup 9 Sup 10 Sup 11 Sum
Sup 1 - 3.40 1.70 0.90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 6.0
Sup 2 3.40 - 3.40 1.70 0.90 0.00 0.00 0.00 0.00 0.00 0.00 9.4
Sup 3 1.70 3.40 - 3.40 1.70 0.90 0.00 0.00 0.00 0.00 0.00 11.1
Sup 4 0.90 1.70 3.40 - 3.40 1.70 0.90 0.00 0.00 0.00 0.00 12.0
Sup 5 0.00 0.90 1.70 3.40 - 3.40 1.70 0.90 0.00 0.00 0.00 12.0
Sup 6 0.00 0.00 0.90 1.70 3.40 - 3.40 1.70 0.90 0.00 0.00 12.0
Sup 7 0.00 0.00 0.00 0.90 1.70 3.40 - 3.40 1.70 0.90 0.00 12.0
Sup 8 0.00 0.00 0.00 0.00 0.90 1.70 3.40 - 3.40 1.70 0.90 12.0
Sup 9 0.00 0.00 0.00 0.00 0.00 0.90 1.70 3.40 - 3.40 1.70 11.1
Sup 10 0.00 0.00 0.00 0.00 0.00 0.00 0.90 1.70 3.40 - 3.40 9.4
Sup 11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.90 1.70 3.40 - 6.0
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Table C.13: Support Interactions 𝐹 = 30 kN at 𝑇0

Sup 1 Sup 2 Sup 3 Sup 4 Sup 5 Sup 6 Sup 7 Sup 8 Sup 9 Sup 10 Sup 11 Sum
U1 - 1.6 0.6 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.4
U2 1.6 - 1.6 0.6 0.2 0.0 0.0 0.0 0.0 0.0 0.0 4.0
U3 0.6 1.6 - 1.6 0.6 0.2 0.0 0.0 0.0 0.0 0.0 4.6
U4 0.2 0.6 1.6 - 1.6 0.6 0.2 0.0 0.0 0.0 0.0 4.8
U5 0.0 0.2 0.6 1.6 - 1.6 0.6 0.2 0.0 0.0 0.0 4.8
U6 0.0 0.0 0.2 0.6 1.6 - 1.6 0.6 0.2 0.0 0.0 4.8
U7 0.0 0.0 0.0 0.2 0.6 1.6 - 1.6 0.6 0.2 0.0 4.8
U8 0.0 0.0 0.0 0.0 0.2 0.6 1.6 - 1.6 0.6 0.2 4.8
U9 0.0 0.0 0.0 0.0 0.0 0.2 0.6 1.6 - 1.6 0.6 4.6
U10 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.6 1.6 - 1.6 4.0
U11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.6 1.6 - 2.4

Table C.14: Support Interactions 𝐹 = 30 kN at 𝑇10

Sup 1 Sup 2 Sup 3 Sup 4 Sup 5 Sup 6 Sup 7 Sup 8 Sup 9 Sup 10 Sup 11 Sum
U1 - 2.0 0.8 0.4 0.1 0.0 0.0 0.0 0.0 0.0 0.0 3.3
U2 2.0 - 2.0 0.8 0.4 0.1 0.0 0.0 0.0 0.0 0.0 5.3
U3 0.8 2.0 - 2.0 0.8 0.4 0.1 0.0 0.0 0.0 0.0 6.1
U4 0.4 0.8 2.0 - 2.0 0.8 0.4 0.1 0.0 0.0 0.0 6.5
U5 0.1 0.4 0.8 2.0 - 2.0 0.8 0.4 0.1 0.0 0.0 6.6
U6 0.0 0.1 0.4 0.8 2.0 - 2.0 0.8 0.4 0.1 0.0 6.6
U7 0.0 0.0 0.1 0.4 0.8 2.0 - 2.0 0.8 0.4 0.1 6.6
U8 0.0 0.0 0.0 0.1 0.4 0.8 2.0 - 2.0 0.8 0.4 6.5
U9 0.0 0.0 0.0 0.0 0.1 0.4 0.8 2.0 - 2.0 0.8 6.1
U10 0.0 0.0 0.0 0.0 0.0 0.1 0.4 0.8 2.0 - 2.0 5.3
U11 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.4 0.8 2.0 - 3.3

Table C.15: Support Interactions 𝐹 = 30 kN at 𝑇100 (U is in mm)

Sup 1 Sup 2 Sup 3 Sup 4 Sup 5 Sup 6 Sup 7 Sup 8 Sup 9 Sup 10 Sup 11 Sum
U1 - 3.0 1.4 0.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.1
U2 3.0 - 3.0 1.4 0.7 0.0 0.0 0.0 0.0 0.0 0.0 8.1
U3 1.4 3.0 - 3.0 1.4 0.7 0.0 0.0 0.0 0.0 0.0 9.5
U4 0.7 1.4 3.0 - 3.0 1.4 0.7 0.0 0.0 0.0 0.0 10.2
U5 0.0 0.7 1.4 3.0 - 3.0 1.4 0.7 0.0 0.0 0.0 10.2
U6 0.0 0.0 0.7 1.4 3.0 - 3.0 1.4 0.7 0.0 0.0 10.2
U7 0.0 0.0 0.0 0.7 1.4 3.0 - 3.0 1.4 0.7 0.0 10.2
U8 0.0 0.0 0.0 0.0 0.7 1.4 3.0 - 3.0 1.4 0.7 10.2
U9 0.0 0.0 0.0 0.0 0.0 0.7 1.4 3.0 - 3.0 1.4 9.5
U10 0.0 0.0 0.0 0.0 0.0 0.0 0.7 1.4 3.0 - 3.0 8.1
U11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 1.4 3.0 - 5.1
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Table C.16: Support Interactions 𝐹 = 30 kN at 𝑇1000

Sup 1 Sup 2 Sup 3 Sup 4 Sup 5 Sup 6 Sup 7 Sup 8 Sup 9 Sup 10 Sup 11 Sum
U1 - 4.1 2.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.2
U2 4.1 - 4.1 2.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 11.3
U3 2.0 4.1 - 4.1 2.0 1.1 0.0 0.0 0.0 0.0 0.0 13.3
U4 1.1 2.0 4.1 - 4.1 2.0 1.1 0.0 0.0 0.0 0.0 14.4
U5 0.0 1.1 2.0 4.1 - 4.1 2.0 1.1 0.0 0.0 0.0 14.4
U6 0.0 0.0 1.1 2.0 4.1 - 4.1 2.0 1.1 0.0 0.0 14.4
U7 0.0 0.0 0.0 1.1 2.0 4.1 - 4.1 2.0 1.1 0.0 14.4
U8 0.0 0.0 0.0 0.0 1.1 2.0 4.1 - 4.1 2.0 1.1 14.4
U9 0.0 0.0 0.0 0.0 0.0 1.1 2.0 4.1 - 4.1 2.0 13.3
U10 0.0 0.0 0.0 0.0 0.0 0.0 1.1 2.0 4.1 - 4.1 11.3
U11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 2.0 4.1 - 7.2

Table C.17: Support Interactions 𝐹 = 40 kN at 𝑇0

Sup 1 Sup 2 Sup 3 Sup 4 Sup 5 Sup 6 Sup 7 Sup 8 Sup 9 Sup 10 Sup 11 Sum
U1 - 2.3 0.8 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.4
U2 2.3 - 2.3 0.8 0.3 0.0 0.0 0.0 0.0 0.0 0.0 5.7
U3 0.8 2.3 - 2.3 0.8 0.3 0.0 0.0 0.0 0.0 0.0 6.5
U4 0.3 0.8 2.3 - 2.3 0.8 0.3 0.0 0.0 0.0 0.0 6.8
U5 0.0 0.3 0.8 2.3 - 2.3 0.8 0.3 0.0 0.0 0.0 6.8
U6 0.0 0.0 0.3 0.8 2.3 - 2.3 0.8 0.3 0.0 0.0 6.8
U7 0.0 0.0 0.0 0.3 0.8 2.3 - 2.3 0.8 0.3 0.0 6.8
U8 0.0 0.0 0.0 0.0 0.3 0.8 2.3 - 2.3 0.8 0.3 6.8
U9 0.0 0.0 0.0 0.0 0.0 0.3 0.8 2.3 - 2.3 0.8 6.5
U10 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.8 2.3 - 2.3 5.7
U11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.8 2.3 - 3.4

Table C.18: Support Interactions 𝐹 = 40 kN at 𝑇10

Sup 1 Sup 2 Sup 3 Sup 4 Sup 5 Sup 6 Sup 7 Sup 8 Sup 9 Sup 10 Sup 11 Sum
U1 - 2.8 1.2 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.5
U2 2.8 - 2.8 1.2 0.5 0.0 0.0 0.0 0.0 0.0 0.0 7.3
U3 1.2 2.8 - 2.8 1.2 0.5 0.0 0.0 0.0 0.0 0.0 8.5
U4 0.5 1.2 2.8 - 2.8 1.2 0.5 0.0 0.0 0.0 0.0 9.0
U5 0.0 0.5 1.2 2.8 - 2.8 1.2 0.5 0.0 0.0 0.0 9.0
U6 0.0 0.0 0.5 1.2 2.8 - 2.8 1.2 0.5 0.0 0.0 9.0
U7 0.0 0.0 0.0 0.5 1.2 2.8 - 2.8 1.2 0.5 0.0 9.0
U8 0.0 0.0 0.0 0.0 0.5 1.2 2.8 - 2.8 1.2 0.5 9.0
U9 0.0 0.0 0.0 0.0 0.0 0.5 1.2 2.8 - 2.8 1.2 8.5
U10 0.0 0.0 0.0 0.0 0.0 0.0 0.5 1.2 2.8 - 2.8 7.3
U11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 1.2 2.8 - 4.5
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Table C.19: Support Interactions 𝐹 = 40 kN at 𝑇100

Sup 1 Sup 2 Sup 3 Sup 4 Sup 5 Sup 6 Sup 7 Sup 8 Sup 9 Sup 10 Sup 11 Sum
U1 - 4.0 1.9 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.9
U2 4.0 - 4.0 1.9 1.0 0.0 0.0 0.0 0.0 0.0 0.0 10.9
U3 1.9 4.0 - 4.0 1.9 1.0 0.0 0.0 0.0 0.0 0.0 12.8
U4 1.0 1.9 4.0 - 4.0 1.9 1.0 0.0 0.0 0.0 0.0 13.8
U5 0.0 1.0 1.9 4.0 - 4.0 1.9 1.0 0.0 0.0 0.0 13.8
U6 0.0 0.0 1.0 1.9 4.0 - 4.0 1.9 1.0 0.0 0.0 13.8
U7 0.0 0.0 0.0 1.0 1.9 4.0 - 4.0 1.9 1.0 0.0 13.8
U8 0.0 0.0 0.0 0.0 1.0 1.9 4.0 - 4.0 1.9 1.0 13.8
U9 0.0 0.0 0.0 0.0 0.0 1.0 1.9 4.0 - 4.0 1.9 12.8
U10 0.0 0.0 0.0 0.0 0.0 0.0 1.0 1.9 4.0 - 4.0 10.9
U11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 1.9 4.0 - 6.9

Table C.20: Support Interactions 𝐹 = 40 kN at 𝑇1000

Sup 1 Sup 2 Sup 3 Sup 4 Sup 5 Sup 6 Sup 7 Sup 8 Sup 9 Sup 10 Sup 11 Sum
U1 - 5.4 2.6 1.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 9.4
U2 5.4 - 5.4 2.6 1.4 0.0 0.0 0.0 0.0 0.0 0.0 14.8
U3 2.6 5.4 - 5.4 2.6 1.4 0.0 0.0 0.0 0.0 0.0 17.4
U4 1.4 2.6 5.4 - 5.4 2.6 1.4 0.0 0.0 0.0 0.0 18.8
U5 0.0 1.4 2.6 5.4 - 5.4 2.6 1.4 0.0 0.0 0.0 18.8
U6 0.0 0.0 1.4 2.6 5.4 - 5.4 2.6 1.4 0.0 0.0 18.8
U7 0.0 0.0 0.0 1.4 2.6 5.4 - 5.4 2.6 1.4 0.0 18.8
U8 0.0 0.0 0.0 0.0 1.4 2.6 5.4 - 5.4 2.6 1.4 18.8
U9 0.0 0.0 0.0 0.0 0.0 1.4 2.6 5.4 - 5.4 2.6 17.4
U10 0.0 0.0 0.0 0.0 0.0 0.0 1.4 2.6 5.4 - 5.4 14.8
U11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.4 2.6 5.4 - 9.4
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Appendix D: Pile specific calculations

In this research, additional calculations have been done besides the main one. This appendix will go
into aspects that did not fit in the main document, but can be helpful for future research. It will start with
calculating the capacity of the helical pile in soil. Afterwards, different variations for the pile settlement
calculations will be shown including the settlement for piles with a deeper positioned helical plate, soil
differentiations, and the impact of an additional helix. Then, the settlement of the helical pile will be
compared to the compression of the soil without any foundation elements. The appendix will end with
the comparison of different mesh generations to substantiate the chosen mesh.

D.1. Pile capacity
In Section 2.3.2, the capacity of a helical pile is discussed. From this paragraph the capacity of a helical
pile in fine grained soil can be calculated with the following formula:

𝑞𝑢𝑙𝑡 = 9𝑠𝑢 (2.25)

The helical plate is positioned in a moderately sandy clay soil. This soil has an 𝑠𝑢 of 80 kPa and would
therefore have a capacity of around 720 kPa. To validate this, the equation 2.14 is also used for the
calculation.

𝑞𝑢𝑙𝑡 = 𝑐𝑁𝑐𝑠𝑐𝑑𝑐 + 𝑞′ ∗ (𝑁𝑞𝑠𝑞𝑑𝑞 − 1) + 0.5𝛾𝐷𝑁𝛾𝑠𝛾𝑑𝛾 (2.14)

In the equation, the following properties can already be determined for a short term capacity:

𝜙 22.5 degrees
𝑐 80 kPa (the value of 𝑐𝑢 is used obtained from Appendix A Figure A.1)
𝑞′ 23.7 kPa (obtained from Appendix B Table B.1)
𝛾 42.9 kPa (obtained from Appendix B Table B.1)
𝐵 0.6 m
𝐿 3 m

These values are used to calculate the factors that influence the 𝑞𝑢𝑙𝑡.

𝑁𝑞 = 8.2 (𝐸𝑞 ∶ 2.15)
𝑠𝑞 = 1.1 (𝐸𝑞 ∶ 2.19)
𝑑𝑞 = 1.3 (𝐸𝑞 ∶ 2.22)
𝑁𝑐 = 17.5 (𝐸𝑞 ∶ 2.16)
𝑠𝑐 = 1.1 (𝐸𝑞 ∶ 2.18)
𝑑𝑐 = 1.4 (𝐸𝑞 ∶ 2.21)
𝑁𝑦 = 4.4 (𝐸𝑞 ∶ 2.17)
𝑠𝑦 = 0.9 (𝐸𝑞 ∶ 2.20)
𝑑𝑦 = 1.0 (𝐸𝑞 ∶ 2.23)
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With equation 2.14 the 𝑞𝑢𝑙𝑡 has a value of:

𝑞𝑢𝑙𝑡 = 2139 + 254, 2 + 52, 5 = 2447𝑘𝑃𝑎

This value is more than 3 times larger than the earlier found value due to the friction angle being taken
into account in the calculation.

If a force of 50 kN is applied on top of the helical pile and all force is taken by the helical plate, this
would result in a stress increase of 50/(𝜋 ∗𝑟2) = 176, 8𝑘𝑃𝑎 for a plate with a diameter of 600 mm. This
stress increase in addition to the existing vertical stress of 42,9 kPa, is much lower than the obtained
capacity. However, the diameter should not be changed for this research.

The value used for 𝑐 in a short term calculation, is the cohesion 𝑐𝑢 with a value of 80 kPa. However,
for long term calculations the value 𝑇 for drained shear strength should be used.

𝑇 = 𝑐′ + 𝜎′𝑛 tan𝜙 (2.28)

Where:
𝑇 is the drained shear strength;
𝑐′ is the effective cohesion;
𝜎′𝑛 effective confining stress;

𝑇 = 5 + 23.7 × tan 22.5 = 15 kPa

This reduces the value of 𝑞𝑢𝑙𝑡 to 708𝑘𝑃𝑎, which is closer to the expected value of 9𝑠𝑢. Since there is
an uncertainty to the soil profile, certain assumed values can be lower than expected. The handbook
”Helical Piles in Practice” advises to use a pile which at least has a 𝑞𝑢𝑙𝑡 that is twice as high as the
expected load increase (Perko, 2009).

Soil uncertainty

The reason for this advise is the uncertainty of the soil properties. In Appendix A the soil properties are
read from a CPT test, but this is an estimation. If the estimation is wrong and the soil layer Moderate
Sandy Clay in actuality is Moderate Clean Clay, the capacity would be lower. The properties would
change to the following:

𝜙 17.5 degrees
𝑐 50 kPa (the value of 𝑐𝑢 is used obtained from Appendix A Figure A.1)
𝑞′ 23.6 kPa
𝛾 41.7
𝐵 0.6 m
𝐿 3 m
𝑇 12 kPa (= 5 + 23, 6 ∗ tan 17, 5)

These values are used to calculate the factors that influence the 𝑞𝑢𝑙𝑡.

𝑁𝑞 = 5.0 (𝐸𝑞 ∶ 2.15)
𝑠𝑞 = 1.1 (𝐸𝑞 ∶ 2.19)
𝑑𝑞 = 1.3 (𝐸𝑞 ∶ 2.22)
𝑁𝑐 = 12.7 (𝐸𝑞 ∶ 2.16)
𝑠𝑐 = 1.1 (𝐸𝑞 ∶ 2.18)
𝑑𝑐 = 1.4 (𝐸𝑞 ∶ 2.21)
𝑁𝑦 = 1.8 (𝐸𝑞 ∶ 2.17)
𝑠𝑦 = 0.9 (𝐸𝑞 ∶ 2.20)
𝑑𝑦 = 1.0 (𝐸𝑞 ∶ 2.23)
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With equation 2.14 the 𝑞𝑢𝑙𝑡 for long term capacity has a value of:

𝑞𝑢𝑙𝑡 = 624 + 141 + 21 = 392𝑘𝑃𝑎

This is a decrease of 45 % compared with the earlier found 708𝑘𝑃𝑎. A good estimation of the soil
properties is therefore need to make an accurate prediction of the capacity. Since this research does
not have the resources for such an accurate prediction, the capacity should be underestimated.

D.2. Pile differentiations
As discussed in Chapter 2, the differentiations that affect the settlement of a structure are discussed. In
this section, some differentiations will be investigated to get a better view of their impact. In PLAXIS 2D
the same pile used in the research is modelled with a load of 25 kN on top at T0. The helix is originally
positioned at a depth of 3 meters underneath the surface. The model will be adjusted with the following
points:

• A longer pile with the helix positioned lower in the soil;

• The Moderate Sandy Clay layer changed into a Moderate Clean Clay layer;

• The sand layer being less deep than it is now (at a depth of 12,7m);

• The use of a helical pile with 2 helices.

In the calculations, the lowest helical plate is positioned at a depth of 3m unless stated otherwise. Thus
in the double helix calculation, the lowest helix is at a depth of 3m and the second is x meters above
that.

Table D.1: Displacements of helical pile modifications over time

U_T0 U_T10 U_T100 U_T1000
[mm] [mm] [mm] [mm]

(1) Depth helix 3m 90 99 124 164
(2) Depth helix 4m 72 80 102 140
(3) Depth helix 5m 65 72 94 130
(4) Depth helix 6m 58 63 82 115
(5) Sandy clay to clean clay 110 122 154 205
(6) Sand layer depth at 11,7m 83 92 113 149
(7) Sand layer depth at 10m 65 72 89 116
(8) Sand layer depth at 5m 40 45 53 63
(9) Double helix (spacing 0.5m) 77 84 108 148
(10) Double helix (spacing 1m) 70 77 100 140

The impact of the modifications are shown in Table D.2.
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Table D.2: Difference in Displacement Between Configurations

Diff U_T0 Diff U_T10 Diff U_T100 Diff U_T1000
Comparison [mm] [mm] [mm] [mm]
1 & 2 18 20 22 24
1 & 3 25 27 30 34
1 & 4 32 37 42 49
1 & 5 -20 -23 -30 -41
1 & 6 7 7 11 15
1 & 7 25 27 35 49
1 & 8 50 54 72 102
1 & 9 13 15 17 16
1 & 10 20 22 24 24

From these results, a few statements can be made:

• Using a longer foundation pile with a lower helix lessens the settlement of the pile. The difference
in settlement increases over time.

• A weaker soil layer than estimated, will increase the settlement.

• A depth change of the Pleistocene soil layer is less impactful than a depth change of the helical
plate.

• Using two helical plates improves the resistance of the pile to settlement. This resistance is not
expected to increase at later stages in time. Secondary settlement is therefore similar to a pile
with a single helix.

• When using two helical plates on a pile, a wider spacing between the helical plates is more
beneficial for resisting settlements.

D.3. Pile settlement in comparison to soil settlement
In this research, the total settlement of a pile is based on the displacement of the pile. With the formu-
las obtained from the Eurocode (Nederlands Normalisatie-instituut, 2017) the soil is not expected to
deform without an increase of the effective stress. However, the soft soil creep model in PLAXIS does
expect soil settlement. This model bases the creep of the soil on only the effective stress and not the
change in effective stress. This leads to more realistic results, but also results in soil settlement that is
not caused by the helical pile.
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Figure D.1: Pile displacement (𝑈𝑝𝑖𝑙𝑒) in comparison to the surface displacement (𝑈𝑠𝑢𝑟𝑓𝑎𝑐𝑒)

The distance between the top of the helical pile and the surface is therefore not as simple as just the
displacement of the helical pile. The expected settlement of the soil without the pile should be sub-
tracted from these values.

To give insight on the pile displacement in comparison to the displacement of the ground surface, four
calculations have been done. A helical pile is modelled in the same soil profile that is used for this
research. Three different loads (𝐹 = 25𝑘𝑁, 𝐹 = 35𝑘𝑁 and 𝐹 = 45𝑘𝑁) are used to calculated the
settlements of the pile at T0, T10, T100 and T1000. Furthermore, the settlement calculation is done
for a model without the helical pile. The results can be seen in Table D.3

Force Time U Pile [mm] U Surface [mm] Difference [mm]
F = 25 kN T0 90 73 17

T10 99 79 20
T100 124 105 19
T1000 164 149 15

F = 35 kN T0 116 73 43
T10 127 79 48
T100 156 105 51
T1000 203 149 54

F = 45 kN T0 151 73 78
T10 165 79 86
T100 199 105 94
T1000 251 149 102

Table D.3: Comparison of the pile settlement applied with different loads to the surface settlement without any additional load
calculated with the soft soil creep model of PLAXIS 2D

Looking at the results of the calculation, it can be seen that for the lowest applied force the difference
between the pile and the soil stays within a range of 5 mm. When higher forces are applied, the
difference increases over time. For the pile applied with 25 kN, the 3 meters of soil above the helical
plate are expected to compress at a relatively similar rate as the settlement of the helical pile. This
can be beneficial for the structures connection with for instance pipes. However, for higher forces, the
increasing difference might lead to problems for designs that do not take this into account.
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D.4. Mesh determination
Determining what mesh should be used for the settlement calculations is dependent on the accuracy
and time it takes for a calculation of the mesh. PLAXIS 2D lets the user choose between a very coarse,
coarse, medium, fine, and very fine mesh. For this research, a comparison will be drawn between the
medium, fine, and very fine mesh.
The model used is the same for each mesh:

• Soil properties determined from the CPT in Appendix A;

• A helical pile with the plate at a depth of 3m;

• A force on top of the pile of 25 kN;

• Displacement calculations at T0, T10, T100, T1000.

This results in the following deformations:

Table D.4: Displacement of the pile with different meshes

U_T0 U_T10 U_T100 U_T1000
mesh [mm] [mm] [mm] [mm]
(1) Medium 90.0 99.0 124.0 164.0
(2) Fine 91.8 102.6 128.2 168.6
(3) Very Fine 91.0 99.5 124.5 165.9

Comparing the results leads to the following table:

Table D.5: Displacement comparison between the meshes

Comparison Diff U_T0 Diff U_T10 Diff U_T100 Diff U_T1000
1 & 2 2% 3.3% 3.1% 2.7%
1 & 3 1.1% 0.2% 0.2% 1.1%

The maximum difference between the meshes can be up to 3,3%. The difference in deformation be-
tween the medium mesh and the very fine mesh, is less than between the medium and fine mesh.
The medium mesh seems therefore the best option for this research, since it saves time compared
to calculations with a finer mesh, and is closer to the most accurate calculation compared to the fine
mesh.
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Appendix E: Final calculations

In this Appendix, the calculation sheets for the settlement are given. Each calculation consists of
multiple steps:

• SCIA results are the displacements and forces obtained from the calculation software SCIA
engineer. Each foundation pile has been calculated at T0, T10, T100, and T1000.

• Input Plaxis is the translation of point loads to a line load on the circumference of the top of the
pile.

• Output Plaxis are the displacements calculated by PLAXIS 2D. These values, in combination
with the displacement caused by soil stress increase from other piles, will form the non-linear
spring function used in SCIA Engineer.

• Resulting differential displacement are the differences in settlement between the piles.

With the obtained values from these calculations, the results in Chapter 6 are constructed.
First, calculation Aa is fully worked out to show an example of a full calculation. After that all calculation
results will be given.
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E.1. Calculation Aa worked out
This section will work through the four calculation steps.

E.1.1. Step 1: Deformation graph
A helical pile with helical plate at a depth of 3 meters is modelled in PLAXIS 2D. Different forces are
applied to it increasing from day 0 till day 30. Day 30 is set as T0 in this research. This results in the
following displacement graph:

Figure E.1: Displacement over time for calculation Aa step 1

E.1.2. Step 2: Implementation to SCIA engineer
In SCIA, the supports underneath the structure need to be modelled in a way that they represent the
settlement behaviour of the helical piles. This is done by using non-linear spring supports. These
supports can be modelled to give a non-linear response to the applied load. Using the deformation
graph of Figure E.1 a non-linear function can be constructed:
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Figure E.2: Non-linear function for supports at T0

Since each foundation pile is similar in this calculation, this function should represent each support at
T0. However, neighbouring piles will also influence the settlement, leading to additional settlement. The
expected support reactions will be between the 20 kN and 25 kN. For this calculation, the expected
additional settlement will be based on the group effect of piles loaded with 25 kN. This assumption
leads to more differential settlement and impacts the results therefore more negatively. The additional
settlement is 1,6 mm for the outer piles and 3,2 mm for the inner piles at T0, see Appendix C. Adding
these values to the earlier function results in the following support functions:

Figure E.3: Support functions for the outer supports (left) and Inner supports (right)

Calculating the model with a non-linear calculation results in the displacements and support reactions
given in Figures E.4 and E.5.
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Figure E.4: Support displacement U calculation Aa at T0

Figure E.5: Support reaction F calculation Aa at T0

The occurring stresses can also be obtained.

Figure E.6: Stress 𝜎𝑥 calculation Aa at T0

E.1.3. Step 3: Long term calculations
Now that the support reactions are determined at T0, they can be used for calculating the long term
settlement. This will be done with the following method:

The support settlement of each pile will be run for a second time between 0 and 30 days, so till T0, but
with the obtained support reaction in step 2. This will simulate the estimated settlement for that time
period. Afterwards, the next 10 days for the pile will be simulated. This will be done by running the
simulation with three different loads on top of the pile: 0.9𝐹𝑇0, 𝐹𝑇0, and 1.1𝐹𝑇0.
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Figure E.7: Deformation graph supports calculation Aa T10

This results in three force vs displacement values for each pile that can be implemented in SCIA as a
new non-linear function. The functions have to make sure to add the additional settlements caused by
neighbouring piles at T10 for a load of 25 kN. Figure E.8 shows the resulting support functions.

Figure E.8: Load displacement functions at T10 P1&P6 (left), P2&P5 (middle), P3&P4 (right)

This results in new support deformations and reaction forces:
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Figure E.9: Support displacement U calculation Aa at T10

Figure E.10: Support reaction F calculation Aa at T10

Now the same step can be repeated for time steps T100 and T1000.

E.1.4. Step 4: Structural analysis
In the end, results of the construction over time can be described with the following tables and figures:

Table E.1: Displacements 𝑈 in𝑚𝑚 and support reactions 𝐹 in 𝑘𝑁 over time (Calculation Aa)

T0 T10 T100 T1000
Supports U F U F U F U F

P1 80 20,3 89 20,6 116 21,0 159 21,4
P2 85 21,9 95 21,8 123 21,6 167 21,4
P3 88 23,1 98 23,0 126 22,7 171 22,6
P4 88 23,1 98 23,0 126 22,7 171 22,6
P5 85 21,9 95 21,8 123 21,6 167 21,4
P6 80 20,3 89 20,6 116 21,0 159 21,4

This results in new support deformations and reaction forces:
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Figure E.11: Support displacement U calculation Aa at T1000

Figure E.12: Support reaction F calculation Aa at T1000

Figure E.13: Stress 𝜎𝑥 calculation Aa at T1000
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E.2. Calculation documentation
In this final section, the calculation process is documented with the different input and output values for
the calculation software.



 

  

Calc Aa
SCIA results

T0 T10 T100 T1000
Supports Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN]

1 79,6 20,34 22,37 18,31 88,5 20,62 22,68 18,56 115,7 21,02 23,12 18,92 159,2 21,4
2 85,3 21,92 24,11 19,73 94,6 21,78 23,96 19,60 122,5 21,61 23,77 19,45 166,5 21,37
3 88,3 23,11 25,42 20,80 97,9 22,97 25,27 20,67 126,2 22,74 25,01 20,47 170,6 22,59
4 88,3 23,11 25,42 20,80 97,9 22,97 25,27 20,67 126,2 22,74 25,01 20,47 170,6 22,59
5 85,3 21,92 24,11 19,73 94,6 21,78 23,96 19,60 122,5 21,61 23,77 19,45 166,5 21,37
6 79,6 20,34 22,37 18,31 88,5 20,62 22,68 18,56 115,7 21,02 23,12 18,92 159,2 21,40

Input Plaxis Force in circle for input Plaxis
T0 T10 T100

64,7 71,2 58,3 65,6 72,2 59,1 66,9 73,6 60,2
69,8 76,8 62,8 69,3 76,3 62,4 68,8 75,7 61,9
73,6 80,9 66,2 73,1 80,4 65,8 72,4 79,6 65,1
73,6 80,9 66,2 73,1 80,4 65,8 72,4 79,6 65,1
69,8 76,8 62,8 69,3 76,3 62,4 68,8 75,7 61,9
64,7 71,2 58,3 65,6 72,2 59,1 66,9 73,6 60,2

Output Plaxis
Non lin spring

T10 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 89,4 85,6 83,5 2,4 91,8 88 85,9 22,37 20,34 18,31
Sup 2 94,4 90 87,3 4,8 99,2 94,8 92,1 24,11 21,92 19,73
Sup 3 98,2 93,3 90,4 4,8 103 98,1 95,2 25,42 23,11 20,80

Non lin spring
T100 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 114,9 110,7 107,7 4,2 119,1 114,9 111,9 22,68 20,62 18,56
Sup 2 119,1 114,3 111,3 8,4 127,5 122,7 119,7 23,96 21,78 19,60
Sup 3 123,7 118,1 114,7 8,4 132,1 126,5 123,1 25,27 22,97 20,67

Non lin spring
T1000 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 156,4 152,4 149,3 6 162,4 158,4 155,3 23,12 21,02 18,92
Sup 2 158,6 154,9 151,7 12 170,6 166,9 163,7 23,77 21,61 19,45
Sup 3 161,4 158,8 155,6 12 173,4 170,8 167,6 25,01 22,74 20,47

Resulting differential displacement
Rel. disp. T0 T10 T100 T1000
Supports D_u D_u D_u D_u

1&2 5,7 6,1 6,8 7,3
2&3 3 3,3 3,7 4,1
3&4 0 0 0 0
4&5 3 3,3 3,7 4,1
grid 5,7 6,1 6,8 7,3



 
 
 

  

Calc Ab
SCIA results

T0 T10 T100 T1000
Supports Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN]

1 79,1 20,17 22,19 18,15 88,1 20,42 22,46 18,38 115,4 20,93 23,02 18,84 158,5 21,13
2 85,5 22,03 24,23 19,83 95,0 22,03 24,23 19,83 123,1 21,6 23,76 19,44 166,7 21,42
3 89,4 23,54 25,89 21,19 99,2 23,42 25,76 21,08 127,8 23,1 25,41 20,79 171,7 23,02
4 90,4 23,91 26,30 21,52 100,3 23,52 25,87 21,17 129 23,73 26,10 21,36 173,1 23,94
5 88,2 23,04 25,34 20,74 97,7 22,98 25,28 20,68 126,4 22,67 24,94 20,40 170,5 22,19
6 83,0 21,65 23,82 19,49 92,0 21,98 24,18 19,78 120,4 22,32 24,55 20,09 164,3 22,65

Input Plaxis Force in circle for input Plaxis
T0 T10 T100

64,2 70,6 57,8 65,0 71,5 58,5 66,6 73,3 60,0
70,1 77,1 63,1 70,1 77,1 63,1 68,8 75,6 61,9
74,9 82,4 67,4 74,5 82,0 67,1 73,5 80,9 66,2
76,1 83,7 68,5 74,9 82,4 67,4 75,5 83,1 68,0
73,3 80,7 66,0 73,1 80,5 65,8 72,2 79,4 64,9
68,9 75,8 62,0 70,0 77,0 63,0 71,0 78,2 63,9

Outpout Plaxis
Non lin spring

T10 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 89 85,2 83,1 2,4 91,4 87,6 85,5 22,19 20,17 18,15
Sup 2 94,7 90,2 87,5 4,8 99,5 95 92,3 24,23 22,03 19,83
Sup 3 99,4 94,6 91,5 4,8 104,2 99,4 96,3 25,89 23,54 21,19
Sup 4 100,4 96 92,6 4,8 105,2 100,8 97,4 26,30 23,91 21,52
Sup 5 98,1 93 90,1 4,8 102,9 97,8 94,9 25,34 23,04 20,74
Sup 6 93,6 88,9 86,7 2,4 96 91,3 89,1 23,82 21,65 19,49

Non lin spring
T100 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 114,1 110,2 107,2 4,2 118,3 114,4 111,4 22,46 20,42 18,38
Sup 2 120,5 115,4 111,8 8,4 128,9 123,8 120,2 24,23 22,03 19,83
Sup 3 124,1 120 116 8,4 132,5 128,4 124,4 25,76 23,42 21,08
Sup 4 124,6 120,2 116,5 8,4 133 128,6 124,9 25,87 23,52 21,17
Sup 5 123,5 118,5 114,5 8,4 131,9 126,9 122,9 25,28 22,98 20,68
Sup 6 119,1 115,6 112 4,2 123,3 119,8 116,2 24,18 21,98 19,78

Non lin spring
T1000 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 156,2 152,1 149,3 6 162,2 158,1 155,3 23,02 20,93 18,84
Sup 2 158,6 154,9 152,0 12 170,6 166,9 164,0 23,76 21,60 19,44
Sup 3 162,7 159,8 157,8 12 174,7 171,8 169,8 25,41 23,10 20,79
Sup 4 164,6 160,7 158,6 12 176,6 172,7 170,6 26,10 23,73 21,36
Sup 5 161,7 159,1 156,1 12 173,7 171,1 168,1 24,94 22,67 20,40
Sup 6 160,2 158,0 155,4 6 166,2 164,0 161,4 24,55 22,32 20,09

Resulting differential settlement
Rel. disp. T0 T10 T100 T1000
Supports D_u D_u D_u D_u

1&2 6,4 6,9 7,7 8,2
2&3 3,9 4,2 4,7 5
3&4 1 1,1 1,2 1,4
4&5 2,2 2,6 2,6 2,6
5&6 5,2 5,7 6 6,2

Rel. disp T0 T10 T100 T1000
Supports D_u D_u D_u D_u

1 & 6 3,9 3,9 5 5,8



 

  

Calc Ac
SCIA results

T0 T10 T100 T1000
Supports Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN]

1 85,1 16,41 18,05 14,77 95,8 16,36 18,00 14,72 120,9 16,76 18,44 15,08 162,4 16,85
2 90,3 23,86 26,25 21,47 100,6 23,95 26,35 21,56 129,2 23,22 25,54 20,90 172,1 23,12
3 89,9 23,71 26,08 21,34 100,1 23,67 26,04 21,30 129,6 24,01 26,41 21,61 173,3 24,02
4 89,9 23,71 26,08 21,34 100,1 23,67 26,04 21,30 129,6 24,01 26,41 21,61 173,3 24,02
5 90,3 23,86 26,25 21,47 100,6 23,95 26,35 21,56 129,2 23,22 25,54 20,90 172,1 23,12
6 85,1 16,41 18,05 14,77 95,8 16,36 18,00 14,72 120,9 16,76 18,44 15,08 162,4 16,85

Input Plaxis Force in circle for input Plaxis
T0 T10 T100

52,2 57,5 47,0 52,1 57,3 46,9 53,3 58,7 48,0
75,9 83,5 68,4 76,2 83,9 68,6 73,9 81,3 66,5
75,5 83,0 67,9 75,3 82,9 67,8 76,4 84,1 68,8
75,5 83,0 67,9 75,3 82,9 67,8 76,4 84,1 68,8
75,9 83,5 68,4 76,2 83,9 68,6 73,9 81,3 66,5
52,2 57,5 47,0 52,1 57,3 46,9 53,3 58,7 48,0

Outpout Plaxis
Non lin spring

T10 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 95,5 93,7 90,1 2,4 97,9 96,1 92,5 18,05 16,41 14,77
Sup 2 100,6 95,4 92,3 4,8 105,4 100,2 97,1 26,25 23,86 21,47
Sup 3 100,7 95,4 92,4 4,8 105,5 100,2 97,2 26,08 23,71 21,34

Non lin spring
T100 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 120 115,7 114,4 4,2 124,2 119,9 118,6 18,00 16,36 14,72
Sup 2 125,5 122,1 117,7 8,4 133,9 130,5 126,1 26,35 23,95 21,56
Sup 3 124,7 120,6 116,7 8,4 133,1 129 125,1 26,04 23,67 21,30

Non lin spring
T1000 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 160,7 156,2 153,5 6 166,7 162,2 159,5 18,44 16,76 15,08
Sup 2 163,1 160,2 158,1 12 175,1 172,2 170,1 25,54 23,22 20,90
Sup 3 165,4 161,3 159,1 12 177,4 173,3 171,1 26,41 24,01 21,61

Resulting differential settlement
Rel. disp. T0 T10 T100 T1000
Supports D_u D_u D_u D_u

1&2 5,2 4,8 8,3 9,7
2&3 0,4 0,5 0,4 1,2
3&4 0 0 0 0
4&5 0,4 0,5 0,4 1,2
5&6 5,2 4,8 8,3 9,7



 

  

Calc Ad
SCIA results

T0 T10 T100 T1000
Supports Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN]

1 84,9 16,35 17,99 14,72 95,2 16,3 17,93 14,67 120 16,66 18,33 14,99 162,4 16,83
2 90,2 23,82 26,20 21,44 100,2 23,89 26,28 21,50 128,8 23,38 25,72 21,04 172,1 22,92
3 90,5 23,94 26,33 21,55 100,7 24,04 26,44 21,64 130,4 23,94 26,33 21,55 173,9 24,49
4 92,3 24,65 27,12 22,19 102,9 24,70 27,17 22,23 132 24,84 27,32 22,36 175,9 24,99
5 94,2 25,40 27,94 22,86 104,5 24,94 27,43 22,45 132,9 25,23 27,75 22,71 175,7 24,26
6 88,5 17,42 19,16 15,68 96,7 17,69 19,46 15,92 125,4 17,53 19,28 15,78 163,5 18,09

Input Plaxis Force in circle for input Plaxis
T0 T10 T100

52,0 57,2 46,8 51,9 57,1 46,7 53,0 58,3 47,7
75,8 83,4 68,2 76,0 83,6 68,4 74,4 81,9 67,0
76,2 83,8 68,6 76,5 84,2 68,9 76,2 83,8 68,6
78,5 86,3 70,6 78,6 86,5 70,8 79,1 87,0 71,2
80,9 88,9 72,8 79,4 87,3 71,4 80,3 88,3 72,3
55,4 61,0 49,9 56,3 61,9 50,7 55,8 61,4 50,2

Outpout Plaxis
Non lin spring

T10 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 95,1 92,9 89,4 2,4 97,5 95,3 91,8 17,99 16,35 14,72
Sup 2 100,1 95,3 92,4 4,8 104,9 100,1 97,2 26,20 23,82 21,44
Sup 3 100,3 95,7 92,7 4,8 105,1 100,5 97,5 26,33 23,94 21,55
Sup 4 103 98 94,8 4,8 107,8 102,8 99,6 27,12 24,65 22,19
Sup 5 104,8 100,3 96,7 4,8 109,6 105,1 101,5 27,94 25,40 22,86
Sup 6 99,1 94,1 91,7 2,4 101,5 96,5 94,1 19,16 17,42 15,68

Non lin spring
T100 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 119,2 114,8 113,4 4,2 123,4 119 117,6 17,93 16,30 14,67
Sup 2 125,9 121,3 117,3 8,4 134,3 129,7 125,7 26,28 23,89 21,50
Sup 3 125,5 122,2 118,1 8,4 133,9 130,6 126,5 26,44 24,04 21,64
Sup 4 126,5 123,4 120,1 8,4 134,9 131,8 128,5 27,17 24,70 22,23
Sup 5 127,1 124,1 121,0 8,4 135,5 132,5 129,4 27,43 24,94 22,45
Sup 6 127 121,6 117,3 4,2 131,2 125,8 121,5 19,46 17,69 15,92

Non lin spring
T1000 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 160,4 155,9 152,9 6 166,4 161,9 158,9 18,33 16,66 14,99
Sup 2 163,1 160,6 158,2 12 175,1 172,6 170,2 25,72 23,38 21,04
Sup 3 164,8 161,0 158,7 12 176,8 173,0 170,7 26,33 23,94 21,55
Sup 4 168,0 163,6 160,7 12 180,0 175,6 172,7 27,32 24,84 22,36
Sup 5 169,6 164,8 161,9 12 181,6 176,8 173,9 27,75 25,23 22,71
Sup 6 166,4 162,2 158,8 6 172,4 168,2 164,8 19,28 17,53 15,78

Resulting differential settlement
Rel. disp. T0 T10 T100 T1000
Supports D_u D_u D_u D_u

1&2 5,3 5 8,8 9,7
2&3 0,3 0,5 1,6 1,8
3&4 1,8 2,2 1,6 2
4&5 1,9 1,6 0,9 0,2
5&6 5,7 7,8 7,5 12,2

Rel. disp. T0 T10 T100 T1000
Supports D_u D_u D_u D_u

1 & 6 3,6 1,5 5,4 1,1



 

  

Calc Ba
SCIA results

T0 T10 T100 T1000
Supports Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN]

1 73,4 17,22 18,94 15,50 80,2 17,02 18,72 15,32 105,7 17,89 19,68 16,10 146,5 17,61
2 74,1 16,77 18,45 15,09 80,9 16,23 17,85 14,61 106,5 16,84 18,52 15,16 147,3 16,47
3 74,2 16,81 18,49 15,13 80,9 17,55 19,31 15,80 106,7 16,07 17,68 14,46 147,4 16,73
4 74,2 16,81 18,49 15,13 80,9 17,55 19,31 15,80 106,7 16,07 17,68 14,46 147,4 16,73
5 74,1 16,77 18,45 15,09 80,9 16,23 17,85 14,61 106,5 16,84 18,52 15,16 147,3 16,47
6 73,4 17,22 18,94 15,50 80,2 17,02 18,72 15,32 105,7 17,89 19,68 16,10 146,5 17,61

Input Plaxis Force in circle for input Plaxis
T0 T10 T100

54,8 60,3 49,3 54,2 59,6 48,8 56,9 62,6 51,3
53,4 58,7 48,0 51,7 56,8 46,5 53,6 59,0 48,2
53,5 58,9 48,2 55,9 61,4 50,3 51,2 56,3 46,0
53,5 58,9 48,2 55,9 61,4 50,3 51,2 56,3 46,0
53,4 58,7 48,0 51,7 56,8 46,5 53,6 59,0 48,2
54,8 60,3 49,3 54,2 59,6 48,8 56,9 62,6 51,3

Outpout Plaxis
Non lin spring

T10 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 81,1 78,4 76,8 2 83,1 80,4 78,8 18,94 17,22 15,50
Sup 2 80,1 77,4 75,9 4 84,1 81,4 79,9 18,45 16,77 15,09
Sup 3 80,2 77,5 76 4 84,2 81,5 80 18,49 16,81 15,13

Non lin spring
T100 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 103,7 101 98,9 3,3 107 104,3 102,2 18,72 17,02 15,32
Sup 2 101,8 98,8 97,3 6,6 108,4 105,4 103,9 17,85 16,23 14,61
Sup 3 105 102 99,7 6,6 111,6 108,6 106,3 19,31 17,55 15,80

Non lin spring
T1000 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 144,8 142,1 139,5 4,8 149,6 146,9 144,3 19,68 17,89 16,10
Sup 2 140,8 138,2 135,9 9,6 150,4 147,8 145,5 18,52 16,84 15,16
Sup 3 139 136,9 135,4 9,6 148,6 146,5 145 17,68 16,07 14,46

Resulting differential settlement
Rel. disp. T0 T10 T100 T1000
Supports D_u D_u D_u D_u

1&2 0,7 0,7 0,8 0,8
2&3 0,1 0 0,2 0,1
3&4 0 0 0 0
4&5 0,1 0 0,2 0,1
5&6 0,7 0,7 0,8 0,8



 

  

Calc Bb
SCIA results

T0 T10 T100 T1000
Supports Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN]

1 72,5 16,95 18,65 15,26 80,3 17,25 18,98 15,53 105,1 17,45 19,20 15,71 145,7 17,73
2 73,8 16,95 18,65 15,26 81,6 16,81 18,49 15,13 106,7 16,74 18,41 15,07 147,6 16,45
3 74,5 17,29 19,02 15,56 82,4 17,09 18,80 15,38 107,6 17,01 18,71 15,31 148,7 16,89
4 75,1 17,62 19,38 15,86 83,1 17,52 19,27 15,77 108,4 17,32 19,05 15,59 149,7 17,46
5 75,7 17,92 19,71 16,13 83,7 17,84 19,62 16,06 109,2 17,75 19,53 15,98 150,7 17,57
6 75,5 18,47 20,32 16,62 83,5 18,71 20,58 16,84 109,1 18,94 20,83 17,05 150,8 19,10

Input Plaxis Force in circle for input Plaxis
T0 T10 T100

54,0 59,3 48,6 54,9 60,4 49,4 55,5 61,1 50,0
54,0 59,3 48,6 53,5 58,9 48,2 53,3 58,6 48,0
55,0 60,5 49,5 54,4 59,8 49,0 54,1 59,6 48,7
56,1 61,7 50,5 55,8 61,3 50,2 55,1 60,6 49,6
57,0 62,7 51,3 56,8 62,5 51,1 56,5 62,2 50,9
58,8 64,7 52,9 59,6 65,5 53,6 60,3 66,3 54,3

Outpout Plaxis
Non lin spring

T10 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 80,4 77,8 76,3 2 82,4 79,8 78,3 18,65 16,95 15,26
Sup 2 80,4 77,8 76,3 4 84,4 81,8 80,3 18,65 16,95 15,26
Sup 3 81,1 78,6 77 4 85,1 82,6 81 19,02 17,29 15,56
Sup 4 82 79,2 77,6 4 86 83,2 81,6 19,38 17,62 15,86
Sup 5 82,7 79,8 78,2 4 86,7 83,8 82,2 19,71 17,92 16,13
Sup 6 84,2 81,1 79,5 2 86,2 83,1 81,5 20,32 18,47 16,62

Non lin spring
T100 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 104,4 101,5 99,2 3,3 107,7 104,8 102,5 18,98 17,25 15,53
Sup 2 103,5 100,2 98,3 6,6 110,1 106,8 104,9 18,49 16,81 15,13
Sup 3 103,8 101,1 99,1 6,6 110,4 107,7 105,7 18,80 17,09 15,38
Sup 4 105,3 102,1 99,9 6,6 111,9 108,7 106,5 19,27 17,52 15,77
Sup 5 106 102,7 100,6 6,6 112,6 109,3 107,2 19,62 17,84 16,06
Sup 6 109,2 105,3 102,7 3,3 112,5 108,6 106 20,58 18,71 16,84

Non lin spring
T1000 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 143,5 140,4 138,3 4,8 148,3 145,2 143,1 19,20 17,45 15,71
Sup 2 141 138,3 136,3 9,6 150,6 147,9 145,9 18,41 16,74 15,07
Sup 3 141,7 139,2 137,2 9,6 151,3 148,8 146,8 18,71 17,01 15,31
Sup 4 142,6 139,9 137,7 9,6 152,2 149,5 147,3 19,05 17,32 15,59
Sup 5 144 141,3 139,2 9,6 153,6 150,9 148,8 19,53 17,75 15,98
Sup 6 148,7 145,7 143 4,8 153,5 150,5 147,8 20,83 18,94 17,05

Resulting differential settlement
Rel. disp. T0 T10 T100 T1000
Supports D_u D_u D_u D_u

1&2 1,3 1,3 1,6 1,9
2&3 0,7 0,8 0,9 1,1
3&4 0,6 0,7 0,8 1
4&5 0,6 0,6 0,8 1
5&6 0,2 0,2 0,1 0,1

Tilt T0 T10 T100 T1000
Supports D_u D_u D_u D_u

1 & 6 3 3,2 4 5,1



 

  

Calc Bc
SCIA results

T0 T10 T100 T1000
Supports Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN]

1 76,7 13,77 15,15 12,39 84,9 13,91 15,30 12,52 110,7 13,93 15,32 12,54 152,8 14,41
2 76,9 18,54 20,39 16,69 85,1 18,45 20,30 16,61 110,9 18,46 20,31 16,61 153,1 18,19
3 76,8 18,50 20,35 16,65 85,1 18,45 20,30 16,61 110,9 18,42 20,26 16,58 153 18,21
4 76,8 18,50 20,35 16,65 85,1 18,45 20,30 16,61 110,9 18,42 20,26 16,58 153 18,21
5 76,9 18,54 20,39 16,69 85,1 18,45 20,30 16,61 110,9 18,46 20,31 16,61 153,1 18,19
6 76,7 13,77 15,15 12,39 84,9 13,91 15,30 12,52 110,7 13,93 15,32 12,54 152,8 14,41

Input Plaxis Force in circle for input Plaxis
T0 T10 T100

43,8 48,2 39,4 44,3 48,7 39,8 44,3 48,8 39,9
59,0 64,9 53,1 58,7 64,6 52,9 58,8 64,6 52,9
58,9 64,8 53,0 58,7 64,6 52,9 58,6 64,5 52,8
58,9 64,8 53,0 58,7 64,6 52,9 58,6 64,5 52,8
59,0 64,9 53,1 58,7 64,6 52,9 58,8 64,6 52,9
43,8 48,2 39,4 44,3 48,7 39,8 44,3 48,8 39,9

Outpout Plaxis
Non lin spring

T10 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 86,7 82,5 80,1 2 88,7 84,5 82,1 15,15 13,77 12,39
Sup 2 84,4 81,2 79,5 4 88,4 85,2 83,5 20,39 18,54 16,69
Sup 3 84,3 81,1 79,4 4 88,3 85,1 83,4 20,35 18,50 16,65

Non lin spring
T100 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 110,6 107,4 104,6 3,3 113,9 110,7 107,9 15,30 13,91 12,52
Sup 2 107,8 104,3 102 6,6 114,4 110,9 108,6 20,30 18,45 16,61
Sup 3 108,2 104,3 101,9 6,6 114,8 110,9 108,5 20,30 18,45 16,61

Non lin spring
T1000 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 149,5 147,2 145,5 4,8 154,3 152 150,3 15,32 13,93 12,54
Sup 2 146,4 143,8 141,4 9,6 156 153,4 151 20,31 18,46 16,61
Sup 3 146,3 143,7 141,2 9,6 155,9 153,3 150,8 20,26 18,42 16,58

Resulting differential settlement
Rel. disp. T0 T10 T100 T1000
Supports D_u D_u D_u D_u

1&2 0,2 0,2 0,2 0,3
2&3 0,1 0 0 0,1
3&4 0 0 0 0
4&5 0,1 0 0 0,1
5&6 0,2 0,2 0,2 0,3



 

  

Calc Bd
SCIA results

T0 T10 T100 T1000
Supports Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN]

1 76,2 13,56 14,92 12,20 84,1 13,71 15,08 12,34 109,5 13,74 15,11 12,37 151,9 13,96
2 77 18,61 20,47 16,75 85,3 18,46 20,31 16,61 110,9 18,4 20,24 16,56 153,2 18,62
3 77,7 18,96 20,86 17,06 86,1 18,9 20,79 17,01 112,1 18,9 20,79 17,01 154,4 18,64
4 78,5 19,36 21,30 17,42 87,1 19,38 21,32 17,44 113,4 19,37 21,31 17,43 155,5 19,07
5 79,3 19,79 21,77 17,81 88,2 19,77 21,75 17,79 114,7 19,87 21,86 17,88 156,8 19,31
6 79,8 14,93 16,42 13,44 88,9 14,99 16,49 13,49 115,7 14,93 16,42 13,44 157,6 15,62

Input Plaxis Force in circle for input Plaxis
T0 T10 T100

43,2 47,5 38,8 43,6 48,0 39,3 43,7 48,1 39,4
59,2 65,2 53,3 58,8 64,6 52,9 58,6 64,4 52,7
60,4 66,4 54,3 60,2 66,2 54,1 60,2 66,2 54,1
61,6 67,8 55,5 61,7 67,9 55,5 61,7 67,8 55,5
63,0 69,3 56,7 62,9 69,2 56,6 63,2 69,6 56,9
47,5 52,3 42,8 47,7 52,5 42,9 47,5 52,3 42,8

Outpout Plaxis
Non lin spring

T10 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 85,6 81,7 79,6 2 87,6 83,7 81,6 14,92 13,56 12,20
Sup 2 84,6 81,4 79,7 4 88,6 85,4 83,7 20,47 18,61 16,75
Sup 3 85,4 82,2 80,5 4 89,4 86,2 84,5 20,86 18,96 17,06
Sup 4 86,6 83,1 81,2 4 90,6 87,1 85,2 21,30 19,36 17,42
Sup 5 87,6 84,2 82,2 4 91,6 88,2 86,2 21,77 19,79 17,81
Sup 6 91,5 86,7 81,7 2 93,5 88,7 83,7 16,42 14,93 13,44

Non lin spring
T100 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 111 106,1 103,6 3,3 114,3 109,4 106,9 15,08 13,71 12,34
Sup 2 107,9 104,4 102,1 6,6 114,5 111 108,7 20,31 18,46 16,61
Sup 3 109,2 105,5 103,1 6,6 115,8 112,1 109,7 20,79 18,90 17,01
Sup 4 110,6 106,8 104,2 6,6 117,2 113,4 110,8 21,32 19,38 17,44
Sup 5 112,2 107,9 105,4 6,6 118,8 114,5 112 21,75 19,77 17,79
Sup 6 114,3 112,6 108,7 3,3 117,6 115,9 112 16,49 14,99 13,49

Non lin spring
T1000 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 148,8 146,8 144,8 4,8 153,6 151,6 149,6 15,11 13,74 12,37
Sup 2 146,3 143,3 141,1 9,6 155,9 152,9 150,7 20,24 18,40 16,56
Sup 3 148,2 145,1 142,7 9,6 157,8 154,7 152,3 20,79 18,90 17,01
Sup 4 149,6 146,3 144 9,6 159,2 155,9 153,6 21,31 19,37 17,43
Sup 5 151,6 148,3 144,3 9,6 161,2 157,9 153,9 21,86 19,87 17,88
Sup 6 154 151,7 149,9 4,8 158,8 156,5 154,7 16,42 14,93 13,44

Resulting differential settlement
Rel. disp. T0 T10 T100 T1000
Supports D_u D_u D_u D_u

1&2 0,8 1,2 1,4 1,3
2&3 0,7 0,8 1,2 1,2
3&4 0,8 1 1,3 1,1
4&5 0,8 1,1 1,3 1,3
5&6 0,5 0,7 1 0,8

Tilt T0 T10 T100 T1000
Supports D_u D_u D_u D_u

1 & 6 3,6 4,8 6,2 5,7



 
 

  

Calc Ca
SCIA results

T0 T10 T100 T1000
Supports Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN]

1 83,1 21,71 23,88 19,54 92,4 22,04 24,24 19,84 119,9 22,1 24,31 19,89 164,8 21,38
2 83,3 21,15 23,27 19,04 92,5 20,97 23,07 18,87 120,1 21,05 23,16 18,95 165 21,14
3 83,3 21,16 23,28 19,04 92,5 21,01 23,11 18,91 120,1 20,87 22,96 18,78 165 21,49
4 83,3 21,16 23,28 19,04 92,5 21,01 23,11 18,91 120,1 20,87 22,96 18,78 165 21,49
5 83,3 21,15 23,27 19,04 92,5 20,97 23,07 18,87 120,1 21,05 23,16 18,95 165 21,14
6 83,1 21,71 23,88 19,54 92,4 22,04 24,24 19,84 119,9 22,10 24,31 19,89 164,8 21,38

Input Plaxis Force in circle for input Plaxis
T0 T10 T100

69,1 76,0 62,2 70,2 77,2 63,1 70,3 77,4 63,3
67,32 74,1 60,6 66,7 73,4 60,1 67,0 73,7 60,3
67,35 74,1 60,6 66,9 73,6 60,2 66,4 73,1 59,8
67,35 74,1 60,6 66,9 73,6 60,2 66,4 73,1 59,8
67,32 74,1 60,6 66,7 73,4 60,1 67,0 73,7 60,3

69,1 76,0 62,2 70,2 77,2 63,1 70,3 77,4 63,3

Outpout Plaxis
Non lin spring

T10 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 93,5 89,3 86,8 2,4 95,9 91,7 89,2 23,88 21,71 19,54
Sup 2 91,9 87,9 85,5 4,8 96,7 92,7 90,3 23,27 21,15 19,04
Sup 3 91,9 87,9 85,5 4,8 96,7 92,7 90,3 23,28 21,16 19,04

Non lin spring
T100 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 119,7 115,6 112 4,2 123,9 119,8 116,2 24,24 22,04 19,84
Sup 2 116,3 111,5 108,6 8,4 124,7 119,9 117 23,07 20,97 18,87
Sup 3 117 111,9 108,9 8,4 125,4 120,3 117,3 23,11 21,01 18,91

Non lin spring
T1000 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 159,7 157,2 154,2 6 165,7 163,2 160,2 24,31 22,10 19,89
Sup 2 156,5 152,8 150 12 168,5 164,8 162 23,16 21,05 18,95
Sup 3 155,3 152 149,3 12 167,3 164 161,3 22,96 20,87 18,78

Resulting differential settlement
Rel. disp. T0 T10 T100 T1000
Supports D_u D_u D_u D_u

1&2 0,2 0,1 0,2 0,2
2&3 0 0 0 0
3&4 0 0 0 0
4&5 0 0 0 0
5&6 0,2 0,1 0,2 0,2



 

  

Calc Cb
SCIA results

T0 T10 T100 T1000
Supports Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN]

1 82,7 21,54 23,69 19,39 91,7 21,79 23,97 19,61 119,5 21,86 24,05 19,67 163,6 22,7
2 83,6 21,29 23,42 19,16 92,7 21,17 23,29 19,05 120,7 21,16 23,28 19,04 164,7 20,94
3 84,4 21,6 23,76 19,44 93,7 21,41 23,55 19,27 121,7 21,53 23,68 19,38 165,6 20,89
4 85,2 21,91 24,10 19,72 94,6 21,80 23,98 19,62 122,7 21,66 23,83 19,49 166,6 21,16
5 86,0 22,22 24,44 20,00 95,4 22,23 24,45 20,01 123,6 21,82 24,00 19,64 167,4 21,40
6 86,6 23,08 25,39 20,77 96,1 23,26 25,59 20,93 124,4 23,60 25,96 21,24 168,1 24,53

Input Plaxis Force in circle for input Plaxis
T0 T10 T100

68,6 75,4 61,7 69,4 76,3 62,4 69,6 76,5 62,6
67,8 74,5 61,0 67,4 74,1 60,6 67,4 74,1 60,6
68,8 75,6 61,9 68,2 75,0 61,3 68,5 75,4 61,7
69,7 76,7 62,8 69,4 76,3 62,5 68,9 75,8 62,1
70,7 77,8 63,7 70,8 77,8 63,7 69,5 76,4 62,5
73,5 80,8 66,1 74,0 81,4 66,6 75,1 82,6 67,6

Outpout Plaxis
Non lin spring

T10 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 93,2 88,8 86,4 2,4 95,6 91,2 88,8 23,69 21,54 19,39
Sup 2 92,5 88,1 85,7 4,8 97,3 92,9 90,5 23,42 21,29 19,16
Sup 3 93,4 89,1 86,5 4,8 98,2 93,9 91,3 23,76 21,60 19,44
Sup 4 94,4 89,9 87,2 4,8 99,2 94,7 92 24,10 21,91 19,72
Sup 5 95,1 90,6 87,9 4,8 99,9 95,4 92,7 24,44 22,22 20,00
Sup 6 98,7 93,3 90,3 2,4 101,1 95,7 92,7 25,39 23,08 20,77

Non lin spring
T100 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 119,3 115,2 111,2 4,2 123,5 119,4 115,4 23,97 21,79 19,61
Sup 2 117,4 112,3 109,3 8,4 125,8 120,7 117,7 23,29 21,17 19,05
Sup 3 118,3 113 109,9 8,4 126,7 121,4 118,3 23,55 21,41 19,27
Sup 4 119,5 114,5 111,2 8,4 127,9 122,9 119,6 23,98 21,80 19,62
Sup 5 120,8 115,9 112,3 8,4 129,2 124,3 120,7 24,45 22,23 20,01
Sup 6 123,9 119,6 115,7 4,2 128,1 123,8 119,9 25,59 23,26 20,93

Non lin spring
T1000 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 159,2 156,6 153 6 165,2 162,6 159 24,05 21,86 19,67
Sup 2 156,4 153 150,2 12 168,4 165 162 23,28 21,16 19,04
Sup 3 158,1 154,5 151,6 12 170,1 166,5 163,6 23,68 21,53 19,38
Sup 4 158,8 155,3 152,1 12 170,8 167,3 164,1 23,83 21,66 19,49
Sup 5 159,5 156 153,1 12 171,5 168 165,1 24,00 21,82 19,64
Sup 6 164,2 160,8 158,3 6 170,2 166,8 164,3 25,96 23,60 21,24

Resulting differential settlement
Rel. disp. T0 T10 T100 T1000
Supports D_u D_u D_u D_u

1&2 0,9 1 1,2 1,1
2&3 0,8 1 1 0,9
3&4 0,8 0,9 1 1
4&5 0,8 0,8 0,9 0,8
5&6 0,6 0,7 0,8 0,7

Rel. disp. T0 T10 T100 T1000
Supports D_u D_u D_u D_u

1 & 6 3,9 4,4 4,9 4,5



 

  

Calc Cc
SCIA results

T0 T10 T100 T1000
Supports Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN]

1 88,7 17,48 19,23 15,73 98,4 17,69 19,46 15,92 126,5 18,23 20,05 16,41 171,1 18,67
2 88,7 23,27 25,60 20,94 98,5 23,16 25,48 20,84 126,6 22,89 25,18 20,60 171,2 22,67
3 88,7 23,27 25,60 20,94 98,5 23,16 25,48 20,84 126,6 22,89 25,18 20,60 171,2 22,68
4 88,7 23,27 25,60 20,94 98,5 23,16 25,48 20,84 126,6 22,89 25,18 20,60 171,2 22,68
5 88,7 23,27 25,60 20,94 98,5 23,16 25,48 20,84 126,6 22,89 25,18 20,60 171,2 22,67
6 88,7 17,48 19,23 15,73 98,4 17,69 19,46 15,92 126,5 18,23 20,05 16,41 171,1 18,67

Input Plaxis Force in circle for input Plaxis
T0 T10 T100

55,6 61,2 50,1 56,3 61,9 50,7 58,0 63,8 52,2
74,1 81,5 66,7 73,7 81,1 66,3 72,9 80,1 65,6
74,1 81,5 66,7 73,7 81,1 66,3 72,9 80,1 65,6
74,1 81,5 66,7 73,7 81,1 66,3 72,9 80,1 65,6
74,1 81,5 66,7 73,7 81,1 66,3 72,9 80,1 65,6
55,6 61,2 50,1 56,3 61,9 50,7 58,0 63,8 52,2

Outpout Plaxis
Non lin spring

T10 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 99,6 95,5 94 2,4 102 97,9 96,4 19,23 17,48 15,73
Sup 2 98,6 93,8 90,7 4,8 103,4 98,6 95,5 25,60 23,27 20,94
Sup 3 98,6 93,8 90,7 4,8 103,4 98,6 95,5 25,60 23,27 20,94

Non lin spring
T100 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 125,6 120,9 117,5 4,2 129,8 125,1 121,7 19,46 17,69 15,92
Sup 2 124,3 118,6 115,2 8,4 132,7 127 123,6 25,48 23,16 20,84
Sup 3 124,3 118,6 115,2 8,4 132,7 127 123,6 25,48 23,16 20,84

Non lin spring
T1000 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 169 163,9 160,6 6 175 169,9 166,6 20,05 18,23 16,41
Sup 2 161,8 159,5 156,5 12 173,8 171,5 168,5 25,18 22,89 20,60
Sup 3 161,8 159,5 156,5 12 173,8 171,5 168,5 25,18 22,89 20,60

Resulting differential settlement
Rel. disp. T0 T10 T100 T1000
Supports D_u D_u D_u D_u

1&2 0 0,1 0,1 0,1
2&3 0 0 0 0
3&4 0 0 0 0
4&5 0 0 0 0
5&6 0 0,1 0,1 0,1



 

Calc Cd
SCIA results

T0 T10 T100 T1000
Supports Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN] Upper lim Lower lim Disp [mm] F [kN]

1 88,0 17,27 19,00 15,54 97,6 17,8 19,58 16,02 126,3 17,67 19,44 15,90 170,2 18,19
2 88,9 23,36 25,70 21,02 98,8 23,12 25,43 20,81 127,4 23,06 25,37 20,75 171,3 23,07
3 89,9 23,73 26,10 21,36 99,8 23,54 25,89 21,19 128,4 23,59 25,95 21,23 172,4 22,61
4 90,9 24,11 26,52 21,70 100,9 23,34 25,67 21,01 129,4 24,22 26,64 21,80 173,4 23,92
5 91,9 24,48 26,93 22,03 102,0 24,89 27,38 22,40 130,4 23,92 26,31 21,53 174,4 24,81
6 92,7 18,68 20,55 16,81 103,0 18,94 20,83 17,05 131,4 19,19 21,11 17,27 175,4 19,04

Input Plaxis Force in circle for input Plaxis
T0 T10 T100

55,0 60,5 49,5 56,7 62,3 51,0 56,2 61,9 50,6
74,4 81,8 66,9 73,6 81,0 66,2 73,4 80,7 66,1
75,5 83,1 68,0 74,9 82,4 67,4 75,1 82,6 67,6
76,7 84,4 69,1 74,3 81,7 66,9 77,1 84,8 69,4
77,9 85,7 70,1 79,2 87,2 71,3 76,1 83,8 68,5
59,5 65,4 53,5 60,3 66,3 54,3 61,1 67,2 55,0

Outpout Plaxis
Non lin spring

T10 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 98,5 93,8 91,1 2,4 100,9 96,2 93,5 19,00 17,27 15,54
Sup 2 98,8 94,3 91 4,8 103,6 99,1 95,8 25,70 23,36 21,02
Sup 3 101,1 95,3 92 4,8 105,9 100,1 96,8 26,10 23,73 21,36
Sup 4 101,7 96,1 93,4 4,8 106,5 100,9 98,2 26,52 24,11 21,70
Sup 5 102,5 97,4 94,3 4,8 107,3 102,2 99,1 26,93 24,48 22,03
Sup 6 104,8 99,9 96,7 2,4 107,2 102,3 99,1 20,55 18,68 16,81

Non lin spring
T100 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 127,4 122,5 117,7 4,2 131,6 126,7 121,9 19,58 17,80 16,02
Sup 2 123,7 119,1 115,5 8,4 132,1 127,5 123,9 25,43 23,12 20,81
Sup 3 125,3 119,9 116,4 8,4 133,7 128,3 124,8 25,89 23,54 21,19
Sup 4 124,2 119,1 116,2 8,4 132,6 127,5 124,6 25,67 23,34 21,01
Sup 5 127 123,2 120,2 8,4 135,4 131,6 128,6 27,38 24,89 22,40
Sup 6 132,2 126,4 122,5 4,2 136,4 130,6 126,7 20,83 18,94 17,05

Non lin spring
T1000 u_max u_mid u_min Group U_max U_mid U_min Fmax Fmid Fmin
Sup 1 167,1 163 159,8 6 173,1 169 165,8 19,44 17,67 15,90
Sup 2 162,2 159,3 157,0 12 174,2 171,3 169 25,37 23,06 20,75
Sup 3 164 161,4 158,9 12 176 173,4 170,9 25,95 23,59 21,23
Sup 4 165,6 161,7 159,3 12 177,6 173,7 171,3 26,64 24,22 21,80
Sup 5 164,5 161,2 159,1 12 176,5 173,2 171,1 26,31 23,92 21,53
Sup 6 175 169,7 165,9 6 181 175,7 171,9 21,11 19,19 17,27

Resulting differential settlement
Rel. disp. T0 T10 T100 T1000
Supports D_u D_u D_u D_u

1&2 0,9 1,2 1,1 1,1
2&3 1 1 1 1,1
3&4 1 1,1 1 1
4&5 1 1,1 1 1
5&6 0,8 1 1 1

Rel. disp. T0 T10 T100 T1000
Supports D_u D_u D_u D_u

1 & 6 4,7 5,4 5,1 5,2




