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1.0 Introduction

Two major challenges faced by modern society are energy security, and lowering carbon
dioxide gas emissions. Energy walls have a large potential to aid in the remediation of these
problems, since they are a sustainable energy-providing technology that uses soil as a heat

exchange medium. However, extensive research is required to determine the effects of cyclic
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heating and cooling on their geotechnical and structural performance.

2.0 Main Research Objectives

The energy walls project is based on the Crossrail Dean Street station energy wall, which is
designed to provide 200kW-1MW of energy for station space and water heating only. The

main aim of the project is to build a Finite Element (FE) model of the station, and analyse the

complex thermo-hydro-mechanical behaviour of the structure.

3.0 Experimental Procedure

A 2D representative section of the Dean street station is modelled as a finite element mesh,
using Hypermesh software. The analysis is performed using LS-DYNA software, which has
the ability to couple soil mechanics, thermal and fluid mechanics analyses, for multi-phase

media such as soils. The thermal operation of the energy wall is modelled as consecutive 6-

month cycles of cooling and recharge, as summarised in Figure 1.
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Figure 1 — Energy wall seasonal operation
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Maria Canellas (HO)

Boundary Temperature 122C



4t Yr. Undergrad. Project Technical Abstract Maria Canellas (HO)

4.0 Results and Discussion

The thermal operation of the energy wall influences the geotechnical performance of the soil
and the structural performance of the diaphragm wall. During cooling operation, the soil
skeleton shrinks due to thermal contraction, which decreases the total stress in the soil. Due to
cooling, the pore fluid is subjected to contraction, thus reducing the pore pressure in the soil.
As a result, the displacement of the diaphragm wall decreases, and soil surface settlement

increases due to soil matrix Bendind Moment on Encres wall
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5.0 Conclusion

The cyclic thermal operation of the energy wall affects its geotechnical performance. The
main concern raised by this analysis is the magnification of displacement, settlement and
bending moment changes with consecutive thermal cycles. It is thought that the cyclic thermal
operation of the energy wall will cause soil strength degradation, which could compromise
the stability of the diaphragm wall. For this reason, further investigation of the thermo-hydro-
mechanical behaviour of energy walls is required, in order to evaluate their long-term stability

and confirm their safety for continued use.
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1.0 Introduction

Two of the major challenges faced by modern society are the depletion of finite energy
resources and increased carbon dioxide gas concentrations in the Earth’s atmosphere. Both
factors are highly interlinked with the greenhouse effect and climate change, which are
further exacerbated by rapid population growth and increasing living standards. Given the
international repercussion of the aforementioned topics, remedial actions and solutions have
been sought worldwide, over the last 20 years. However, it was with the approval of the
Kyoto Protocol in 1997, that these issues gained most relevance. At this point, the
development of technologies to exploit renewable energy resources became imperative, as a

step towards the replacement of finite with sustainable energy resources.

Building space and water heating and cooling, account for almost a sixth of the total global
energy consumption (International Energy Agency, 2011). Therefore, the development of
renewable energy technologies is vital, in order to relieve the pressure on finite fossil fuels,
preserve the environment, and reduce carbon dioxide emissions. One of such technologies is
a Ground Source Heat Pump (GSHP), which has lead to the creation of energy foundations

and energy walls.

1.1 Literature Review

1.1.1 Ground Source Heat Pumps (GSHPs)

Ground Source Heat Pumps (GSHPs) have become an increasingly popular technology for
the provision of sustainable heating and cooling energy for housing, offices and retail
spaces. Their operation relies on the temperature differences between atmosphere and soil
at depths greater than 10m (Fig. 1.1). At such depths, the temperature of the soil remains
constant at around 10°C (in Europe), which means there is a year-round temperature
difference between soil and atmospheric air. Therefore in winter, the excess heat in the soil
(compared to the air) can be extracted for space heating, and in summer, excess heat in the
air can be transferred into the soil as a means of space cooling. This balanced operation
allows soil heat recharge, ensuring the soil is never too cold to hinder future operation of

the GSHP.



Figure 1.1 - Annual temperature fluctuations of
surface soil with depth. (FWT Ltd., Bibliography [28])

The main components of a GSHP (Fig 1.2) are an underground primary circuit, a
secondary circuit for a heat-distribution system, and a heat pump. The heat pump uses a
small fraction of electrical energy to convert the low temperature heat from the soil, to

higher temperature heat for space and water heating.
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Figure 1.2 - Ground Source Heat Pump components. (H.Brandl, (2006)) Bibliography [1])

Such systems have been implemented since the 1970s, and “as of 2004 over one million
units have been installed worldwide” (The Green Age). While it is true that GSHPs
suppose a high initial investment cost, they offer numerous benefits to their immediate
users and surroundings. GSHPs offer a reduction in fuel costs, as well as being more

aesthetically pleasing, less noisy, and requiring less maintenance than conventional heating



and cooling systems. Furthermore, GSHPs require no fuel transportation or storage at the
site, and they can reduce energy consumption by as much as 50% compared to direct

electric heating, thus reducing CO; emissions significantly.

1.1.2 Energy Foundations

Since their technology is well established and proven, the primary circuits of GSHPs have
been installed into concrete foundation elements to form thermo-active foundations,
making use of the high thermal storage capacity of concrete. This is a sustainable practice
since it makes use of foundations as dual-purpose structures: load-bearing and energy-
providing. The first examples of such systems date to the 1980s, with the first energy piles
and walls being installed in Austria and Switzerland in 1984 and 1996 respectively
(H.Brandl, 2006). Thermo-active foundations have gained popularity within the UK over
the last 10 years, with energy piles being installed in Keble College (Oxford 2001),
Paddington Building (London 2007) and Lambeth College (London 2007). The first
energy wall in the UK was installed at the Bulgari Hotel in London in 2010 (Fig. 1.3),
triggering a boost in the implementation of such systems in other high-profile projects such

as Crossrail.

Figure 1.3 — Primary circuit of the energy wall at the Bulgari Hotel. (Geothermal
International Ltd.(2010)) Bibliography [12])

1.2 Outstanding Issues

Since the first implementation of GSHPs, numerous investigations and research projects
have been undertaken to assess several aspects of the technology. Research has been
performed to assess and improve the efficiency and viability of GSHPs. Furthermore,
extensive research has been performed to improve measurement methods for the

mechanical and thermal properties of soil, in an attempt to improve GSHP design.



In terms of thermo-active foundations, several investigations have been performed to
assess the economic and technical viability of using different underground structures, such
as underground tunnels, as sources of energy. In-situ tests have been performed to
investigate the “geotechnical and thermodynamic aspects of pile response to heat cycles”
(P.J.Bourne et al, 2009), which have served to develop and calibrate analytical models, to

investigate the behaviour of energy piles.

Computational methods have been developed to analyse the thermal response of energy
walls. However, very limited information is available concerning the thermo-mechanical
response of energy walls to heating and cooling cycles. It is known that the energy wall
and surrounding soil will expand and contract, due to thermal stresses. However, the
impact of these effects is still unknown. It is therefore important that both computational
and in-situ tests are performed on energy walls, to analyse the effects of heating and

cooling cycles on their short and long-term geotechnical performance.

1.3 Main Project Objectives

Crossrail is a major rail project in London, which intends to reduce train journey times by
allowing trains to cross the city through an underground rail network. The project started in
2008 and is due for completion in 2018. The project team decided to incorporate energy
foundations in 6 stations including Liverpool Street, Paddington, and Tottenham Court
Road at Dean Street. This design decision has the potential to save 350 tonnes of CO, per

annum, by including numerous energy piles and energy walls within the stations.

The Energy Walls project is based on the Dean Street station energy wall, which has
already been constructed, and will be used to provide 200kW-1MW of energy for station
space and water heating only. Arup, who have performed preliminary thermal analyses for

the GSHP system, designs the station. The main aims' of the project are:

* Building a coupled thermo-mechanical Finite Element (FE) model of the Dean Street
station.
* Analysing the complex thermo-hydro- mechanical interactions between soil and

structure, to evaluate the structural response of the diaphragm wall to heating and

! Project Programme Included in Appendix A.2.



cooling cycles. The bending moments and displacements of the Energy Wall will be
analysed using FE analysis, to ensure the bending moments induced on the wall do not

surpass its plastic moment capacity.

2.0 Project Design

Soil is a multi-phase medium (soil particles, air and water), therefore requiring a more
complex analysis compared to a single-phase medium. When performing coupled thermo-
hydro-mechanical analyses, the complex mechanisms involved increase, requiring
specialised FE software to produce a realistic analysis. Oasys LS-DYNA is selected for the
analysis, given its capability to model pore fluid, as well as soil skeleton, thermal expansion.
Furthermore, LS-DYNA is the preferred software tool used by Arup to perform their
analyses of the energy wall, and therefore results from both analyses can be compared to

assess the validity of the Energy Walls project results.

2.1 Theoretical Basis

LS-DYNA is a “multi-purpose explicit and implicit finite element programme” (Oasys
Ltd.), which has the ability to analyse soil mechanics, thermal and fluid mechanics
problems, for multi-phase media such as soils. The analyses can be performed as stand-

alone or they can be coupled to represent reality more closely.

2.1.1 Governing Equations for Analysis
LS-DYNA relies on mass, momentum and energy conservation.

Mass Continuity

ap/ot+V . (pv)=0

Momentum Conservation

Apv)/at+V . (pv) =V .o +pg

Energy Conservation (for each single-phase material)

d(pep,T)/at+ V. (pc,Tv) = V.KVT + H

% The version of LS-DYNA used is not commercially available. Instead, it has been modified by Arup to model, for
example, pore fluid thermal expansion.



Where, p is the density, v is the vector for velocity, t is time, g is the vector term for
acceleration due to gravity, o is the stress tensor in the material, k is the thermal
conductivity, T is the temperature, c, is the specific heat at constant pressure, and H

represents the heat input from all sources.

Soil Characterisation

The soil is characterised by a constitutive model that expresses stresses as a function of
strains.” The soil is assumed to follow Terzaghi’s principle of effective stresses, whereby

the effective stress on the soil is the total stress minus the pore pressure.

Pore Fluid Characterisation

The pore fluid is incompressible, and assumed to follow Darcy’s Law:

Jh = -kh VH

Where qp 1s the flux (flow per unit area), ky is the permeability of the soil, and VH is the

vector form of the hydraulic gradient driving the fluid.

Heat Transfer Mechanisms

Heat transfer mechanisms in soil are complex due to its multi-phase nature and include
conduction, convection, radiation vaporisation and condensation, ion exchange and freeze-
thawing processes (H.Brandl, 2006). However, for the energy walls project only
conduction and convection are modelled, since their contribution is largest. Since pore
fluid velocity is small at all times, convective heat transfer is small, and therefore

conduction dominates. Heat conduction is assumed to follow Fourier’s Law:

qT:-kTVT

Where qr is the heat flux, kr is the thermal conductivity and VT is the vector form of the
thermal gradient driving the fluid.

3 Constitutive model selected is Mohr-Coulomb. Further information in section 3.0.



Volumetric Stains on Soil and Pore Fluid

Assuming compression is positive, the volumetric strain on the soil skeleton 1s computed
as a function of 3 terms, as shown below. The first contribution is due to stress changes on
the soil skeleton in 3 dimensions. The second term represents the soil skeletal expansion
due to soil grain expansion. The final term is due to soil skeleton shrinkage due to structure
collapse.

£ = t[D™'(do - dp)|-a_ dT + a_dT

v(skeleton) —
Where T is the temperature, o, 1s the thermal expansion coefficient of the soil grains, o
is the thermal contraction coefficient due to structure collapse, o is the stress in the soil, p

is the pore pressure, D is the stiffness matrix, and “tr” indicates that the volumetric strain

in 3 dimensions is calculated as a function of varying effective stresses and pore pressures.

Given that pressure and temperature changes, as well as drainage conditions affect the pore
pressure, pore fluid is subjected to volumetric strains. In this case, the volumetric strain is
a function of thermal expansion of the fluid, volumetric compression due to pressure

increases, and water flow out of the pores:

-na, dT +(n/K )dp +q,

gv(porewater) =

Where T is the temperature, n is the porosity, a,, is the thermal expansion coefficient of
pore water, K, is the bulk modulus of pore water, p is the pore pressure and qy, is the pore
water flux (flow of pore water out of the pores per unit area). If the conditions are

undrained, qy = 0.

In order to satisfy the kinematic conditions of volume conservation, both volumetric strains
must be equal and therefore the following equations apply:

(D™ (do - dp))-a,_ dT +a, dT =-na,dT + (n/K )dp + q,,

trD”'(do - dp)] + (n/K )dp + (na,, - a,_,+a,_)dl =q,

10



Fully coupled Thermo-Hydro-Mechanical Model

The analysis performed in LS-DYNA is a coupled thermo-hydro-mechanical analysis,
which unites all the theory and equations mentioned previously, to solve the coupled

system of equations (Y.Rui, 2011):
T H
3 [D]([a]{da}-{ds} )-vdp=0

9 1 ap d
IV kIVp+—VI{ ' +— L+ (. —nat.)—T =0
[]par {}kwar(s “’)ar

0 w
PC, g:r ~V'DVT +cVk, V' (TVp)=0=0

H T
Where 19€f =e[l 1 1.0 .0 0]'dT .45 is the displacement. All the other variables
are defined as in previous equations. The system of coupled equations is solved explicitly

by LS-DYNA.

2.1.2 FE Numerical Integration Techniques

For this specific problem, given the displacements of soil are small, the analysis is quasi-
static, and is performed using Gauss Point numerical integration. The LS-DYNA quasi-
static analysis is done by performing regular numerical integrations, with independent
thermal and structural analysis timesteps. The analyses are then coupled by treating
displacement, pore pressure and temperature fields as constants for the thermal, hydraulic

and mechanical analyses.

2.2 Difficulties with LS-DYNA

LS-DYNA software has the capability to solve highly complex problems and therefore
presents benefits other software packages cannot offer. However, the LS-DYNA user
interface is poor, which makes the software hard to manipulate. A text file containing all
analysis parameters must be written for every analysis, and each parameter is displayed as
a single number, with no indication of its meaning or units. Furthermore, the format of the
text file is very specific, with a designated number of spaces between each parameter
entry. As shown on the next page, on the second line of the code, the third entry from the
left (bold characters) is the elastic shear modulus of made ground and it reads as 10000,
meaning 10MPa. If an extra space is introduced between the second and the third entry, the
elastic shear modulus is read as 1000. This value is an order of magnitude smaller than it

should be, which may have a drastic impact on the analysis results.

11



......... l.......1.8.....10000......0.25.........0.....0.436.......0.0.......0.0

This high specificity facilitates the introduction of mistakes into the code, which may stop
the analysis from running, or may result in incorrect results. Furthermore, these errors can
only be detected by visual checks, which are time-consuming and inaccurate. In addition to
these difficulties, the version of LS-DYNA used is not commercially available, and instead
has been created by Arup, who have changed the LS-DYNA source code to introduce
modelling capabilities such as pore fluid thermal expansion. Therefore, there are no
publically available manuals to accurately indicate what each parameter in the text file
represents. The author of this report used commercially available LS-DYNA manuals to
create the preliminary text files. However, since some parameter definitions had been
changed, incorrect results were obtained at different stages of the analysis, thus hindering

progress.

3.0 Dean Street Analysis

Dean Street station box is part of the Tottenham Court Road Crossrail Station, and is located
at the intersection between Dean Street and Oxford Street (Fig. 3.1). The existing buildings
at the site have been demolished, and the station is constructed by excavation with
temporary supports, prior to bottom-up construction of the inner structure. Since the station
is located in a highly urbanised and transited area, the settlements induced by the station

construction and subsequent energy wall operation must remain within safe limits.

LU existing station

Contral line
Northern line

LU station works

Oversite developments

Figure 3.1 — Dean Street station location (Arup (2011) & Flickr, Biblio [26] & [30])
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3.1 2D FE Model

The station is composed of two main boxes with different base levels. They comprise
numerous piles, which will be used to support the station floor slabs and subsequent over-
site construction. Some of these piles are energy piles, and all the perimeter diaphragm

wall panels are part of the energy wall.

Figure 3.2 — 3D CAD drawing of Dean Street station (Arup (2011)).

The width of the station changes with length, which imposes difficulties when creating a
realistic 2D model of the station. However, through geometrical simplification, and using
Hypermesh software, a 2D representative model of the station is created. The main model

dimensions are summarised in Figure 3.3.

The mesh is composed of rectangular elements, and is finer closer to the energy wall,
which is where most stress concentrations, and highest temperature gradients are expected
to occur. Although the model analyses a 2D problem, it has an in-plane width of 0.25m
(one element). The model shows the site soil stratification, and the different concrete
elements of the station. Drainage is allowed to occur at the bottom and left-hand-side

boundaries of the model.

13
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Figure 3.3 — 2D Finite Element mesh of Dean Street energy wall.

3.1.1 Boundary Conditions
Rotation and translation boundary conditions have been imposed on the model as
summarised in Table 3.1. All the nodes in the model are restrained in terms of rotation
and translation in the in-pane direction (y-direction), since the model is 2D and cannot

represent in-plane mechanisms.

Node Boundary Rotation and translation

X y V4

Top surface of soil and wall
Right-Hand-Side

Left-Hand-Side

Bottom Boundary

All remaining nodes in the model

Table 3.1 — Rotation and translation boundary conditions

14



3.2 LS-DYNA
3.2.1 Analysis Procedure
The analysis of the energy wall is conducted in three consecutive stages, each of which

builds on the results of the previous stage.

1. The first step of the analysis represents the construction of the station. The diaphragm
wall is installed first, prior to excavation. The station box is then excavated in stages, using
temporary steel props, followed by a bottom up construction of the concrete floor slabs.
This stage is modelled as undrained, since it is assumed that construction will occur at a

higher rate than pore pressure dissipation.

2. The following stage of the analysis models one year of time-dependant soil
consolidation, with no thermal effects. One year was selected, since this is a realistic time
between the end of construction and start of operation of the station. The drainage of the
pore fluid occurs at the right-hand-side and bottom boundaries of the model (as indicated

in Figure 3.3 — Section 3.1).

3. The third stage of the analysis models the first 9 years of energy wall operation. This

stage models the thermo-hydro-mechanical behaviour of the energy wall.

3.2.2 Seasonal Operation of Energy Wall

The Dean Street energy wall is designed to provide space and water heating only. The
station air temperature is to be kept constant at around 18°C throughout the year, which
dictates that the energy wall will be operative during only 6 months (winter season),

allowing natural soil heat recharge during the following 6 months (summer season).

The temperature in the soil skeleton and pore fluid is assumed to be the same at each point
in time. Initially, all station elements are at 12°C, and therefore this is the far-field
boundary temperature. For simplicity, the soil surface is treated as insulated, therefore
ignoring surface recharge from solar radiation. The station box walls and floor boundaries
are maintained at 18°C constantly throughout all analyses. The pipe temperature is varied
every 6 months, from 2°C during the “winter” operation, to 18°C during the “summer”
operation, as shown in Figure 3.4. (The pipe temperature has to be set to 18°C to simulate

the inoperative state of the energy wall during summer, due to modelling limitations).

15



Energy Wall Pipe Temperature Variation
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Figure 3.4 — Energy wall pipe temperature variation throughout 10 years of
operation
The boundary conditions and heat flow direction for the seasonal thermal analysis are
summarised in Figure 3.5. The initial winter operation soil temperature will be 12°C. Given
heat will be extracted from the soil in winter the initial summer operation soil temperature
will be less than 12°C. It is expected that the soil temperature for the subsequent winter
operations will be greater than 12°C. This is because the previous 6 months of heat

recharge, will have allowed the 18°C station air temperature to propagate into the soil.
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Red arrows show heat flow direction, down the temperature gradients.

Figure 3.5 — Energy wall seasonal operation. (Not to scale)
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3.2.3 Parameter Definitions

The energy wall analysis treats soil as a fully saturated multi-phase continuum, which is
characterised by the elastic-plastic Mohr-Coulomb soil model. This model assumes that
soil shear strength, T, increases with increasing normal stress, o,. The shear strength at
zero initial stress is the cohesion value, c, and the friction angle, ¢, indicates the rate of

increase of shear strength with normal stress. The following failure criterion applies:

otrength envelope

' Oé' & ¢' \--"'
On - -~
1 =¢’ + 0, tan q) \I\ IC' __\_é—-
T
E ,
Ty ] Ty “n
O

Figure 3.6 — Mohr Coulomb soil strength envelope. (Source: University of West England,
Bristol)

The initial pore water pressure profile is assumed hydrostatic, with the water table 4m
below the soil surface. No dewatering is allowed with suction limited to -100kPa,
producing an analysis that tends towards conservative in ground movements, during
undrained conditions. The pore fluid is assumed to have a density of 1000kg/m’ and bulk
viscosity of 2.2x10° kg/sm. The initial stress conditions are due to soil weight and

hydrostatic pore pressures only, since no surcharge is included in the analysis.

Concrete is modelled as an impervious linear-elastic material. It must be noted that the
soil-diaphragm wall interface is modelled as perfectly rough, assuming there will be no
relative movement between the diaphragm wall and the soil immediately adjacent to it.
The material characteristics of the interface are taken as those of the soil. However, further

research is needed to examine the effect of wall friction in reality.
The material properties and characteristics used for the analysis are summarised in Table

3.2 below. All materials are assumed to have isotropic thermal material properties. (N.B.

Acceleration due to gravity is rounded up to 10m/s? for simplicity.)
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Table 3.2 — Material Properties (Source: Arup Project Documentation)

Material Unit Made Terrace London Lambeth Concrete** | Steel
Ground Gravel Clay Group Soils

Constitutive Model Mohr- Mohr- Mohr- Mohr-Coulomb | Elastic Elastic
Coulomb Coulomb Coulomb

Unit Density (p) kg/m’ 1800 2000 2000 2050 2500 8000

Elastic Shear Modulus (E) | MPa 10 90 107.25* 310 90000 210000

Poisson’s Ratio (v) 0.25 0.2 0.2 0.2 0.2 0.3

Angle of Friction (p) ° 25 40 24 29

Cohesion value (C) kPa 0 0 0 300

Dilation Angle () *** ° 0 0 0 0

Permeability (k) m/s 8.64x10° | 8.64x10° | 0.86x10° | 0.86x10” Impervious | Impervious

Specific Heat Capacity (¢) | kJ/(kgK) 3400 3400 3000 3000 3000 3000

Thermal Conductivity (A\) | W/mK 1.8 1.8 1.8 1.8 2.0 2.0

Coefficient of Thermal K 0.5x10° [05x10° |0.5x10° | 0.5x10” 1.3x107° 1.3x107°

Expansion (o)

* This value is averaged with depth of the model for simplicity. In reality E would change with depth for London Clay.

** Scaled to take account of 3D reinforcement within diaphragm wall and slabs.

*** Dilation angle assumed zero to limit shearing at wall-soil interface — limitation of analysis, further explanation in section 3.3.

3.3 Analysis Limitations

The energy walls analysis is subject to numerous limitations, both due to need of

simplification, and due to limited computational accuracy and resources for the project

duration. Therefore, this analysis is only parametric: it allows the investigation of the

effects of certain parameters, but it does not give quantitatively exact results. The

following limitations apply:

Station Geometry Simplifications

* The station geometry is simplified to 2D, due to limited computational resources.

Running the analyses in 3D would require higher resources and time, which were

unavailable given the finite project duration. This simplification complicates the

creation of an accurate analysis, since the 3D-stiffness-adding propping system cannot

be modelled realistically. In terms of consolidation, drainage will occur in 3 directions

in reality, as opposed to 2 directions in the model. Furthermore, the simplification

hinders the full analysis of the thermo-mechanical effects on the energy wall, since 3D

effects may dominate the behaviour of the wall.

* The model used in the analysis is representative of a particular 2D station section only.

The results of the analysis are only indicative, and have limited applicability and

generalisation to other sections of the station.
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The effects of neighbouring structures on the energy wall are omitted for
simplification. The nearby existing London Underground and new Crossrail stations
and tunnels could have a major effect on the behaviour of the energy wall. The heat
radiated from these sources could affect the thermal regime surrounding the energy
wall, therefore affecting its operation.

The new Crossrail tunnels and over-site developments have not been modelled for
simplicity. Their construction could induce settlements and stresses around the energy
wall, which are currently ignored.

The station energy piles, which are in close proximity to the energy wall, are not
modelled. However, their operation could affect the temperature distribution around the
energy wall. 3D interactions of different thermo-active foundations should be

considered in order to obtain a highly realistic analysis.

Soil Modelling Simplifications

The angle of friction is assumed constant for all types of soil. However, the angle of
friction for both made ground and terrace gravel, depends on varying plastic strain.

The soil dilation angle is assumed zero for the analysis, given computational
complications. When the correct dilation angle is used, the plastic strains at the
interface between the diaphragm wall and the soil become too large, and therefore
unrealistic. If the soil-wall interface were modelled as a slip surface, the correct dilation
angle values could be restored.

The stiffness of clays is assumed constant for this model. However, strain- and creep-
rate-dependant stiffness can have a large effect in clays, which would be better
represented using the soil BRICK model. This model is a complex elasto-plastic model
that incorporates some viscous behaviour components of clays.

The elastic shear modulus of all soil is assumed constant with depth for simplification.
In reality, the shear strength of London Clay will increase with depth, resulting in
smaller displacements due to higher soil resistance to shearing.

No dewatering is included in the construction sequence modelled. In reality,
dewatering will be performed to lower the water table below the level of the next
excavation. This will change the pore pressure profile, therefore changing the effective

stresses 1n the soil.
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No surcharge is imposed at the soil surface for simplicity. This is unrealistic since the
station is in a highly urbanised area and adjacent to a heavily transited road.
Furthermore, construction materials and equipment will be placed in close proximity to
the excavation, therefore adding a degree of surcharge.

The soil in the model is assumed fully saturated. In reality, there is an unsaturated zone
above the water table, were soil is partially saturated. In this zone, the soil behaviour is
more complex than for fully saturated or dry soil.

Suction is limited to -100kPa for this model. In reality suction may be higher or lower
than the specified value, therefore changing the pore pressure and effective stress
profiles in the soil.

The soil-diaphragm wall interface has been modelled as perfectly rough, allowing no
relative movement between the soil and the wall. In reality, due to the large difference
in stiffness between the soil and the wall, a shear band will progressively form at this
interface. The interface should be modelled as a slip surface, however time and

computational constraints apply.

Concrete Modelling Simplifications

The steel reinforcement in the concrete is not modelled (only the shear modulus of
concrete is modified to approximate the effect of the rebar on the concrete stiffness). In
reality, variations in temperature may cause the rebar to expand or contract, generating
differential stresses between the rebar and the concrete, which could change the
bending moment regime in the diaphragm wall.

Concrete is assumed elastic for the entire analysis. In reality, concrete creeps when
subjected to long duration loading. Furthermore, if stresses are large, concrete may

show decreasing degrees of elasticity.

Thermal Analysis Simplifications

The diaphragm wall - station air interface has no insulation in the model. In reality, the
surface of the wall in contact with the station air will have 200mm of insulation with a
conductivity of 0.4W/mK. This will decrease the heat transfer between the energy wall
and the station air, therefore the main heat transfer mechanisms will occur between the

pipe and the soil only. As a result of this reduction in heat transfer between the station
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air and the concrete diaphragm wall, the bending moments on the wall due to thermal
gradients will reduce.

The soil surface is thermally insulated. In reality, given the station is constructed
adjacent to both Dean St. and Oxford St., the heat recharge due to incident solar
radiation on the streets will affect the temperature profile surrounding the energy wall.
The soil thermal properties are assumed constant for all types of soil, and are taken
from general data due to lack of site-specific properties. Therefore, the analysis is only
indicative of the general behaviour of the energy wall.

Thermal properties of the soil are assumed constant for the energy wall model.
However, it has been proven that temperature gradients in soil cause moisture
migration (Z. Q. Chen et al, 2004). Given that “soil moisture content...greatly changes
both the soil thermal conductivity and heat capacity” (A. Alkayssi et al, 2005), a more
thorough analysis should include this effect.

No fluid flow is modelled through the pipe in the diaphragm wall. Modelling the pipe
fluid flow would improve the analysis, since it would reflect reality more closely.
Furthermore, turbulent or laminar fluid flow impose different heat transfer regimes on
the energy wall.

The way the analysis is run, assumes heat transfer is constant along the length of the
pipe in the energy wall, since the temperature of the pipe is set to be uniform. In reality,

the heat transfer rate may differ along the length of the pipe.

LS-DYNA Numerical Accuracy

LS-DYNA has finite numerical accuracy. Its accuracy can be improved using smaller
size elements or higher order shape functions, however at a higher computational cost.
Furthermore, the simulation timestep size affects accuracy, with too high or too low a
timestep introducing inaccuracies or errors.

The LS-DYNA quasi-static analysis runs by performing regular numerical integrations.
This introduces inaccuracies, since a technique known as mass scaling is used to ensure
the kinetic energy of the system is kept small to minimize inertia effects. Mass scaling
adds non-physical mass to the model, which affects the accuracy of the results.

Double precision analyses are run in LS-DYNA to minimise the numerical round-off

errors, however the improvement of accuracy is limited.
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* The energy walls analysis cannot be calibrated, given that there is no in-situ or field
data for this particular project. Therefore, the results of the analysis cannot be treated as
an exact answer, since no data is available to analyse the accuracy of the results in

terms of the real scenario.

4.0 Results and Discussion

The results of the Energy Walls analysis are displayed in 4 sections: pore pressures, total
and effective horizontal stresses, settlement and displacement, and energy wall bending
moments.* Due to time constraints, the thermal cycles are applied such that the temperature
of the soil changes immediately from the previous state to the subsequent steady state
temperature distribution. The soil has an initial homogenous temperature of 12°C. As the
soil is first cooled, the temperature changes immediately from the initial 12°C, to a steady
state temperature distribution in cooling, as shown in Figure 4.0. As the recharge cycle
commences, the temperatures change immediately to the steady state temperature
distribution in heating as shown in Figure 4.0. Due to low permeability of the clay, thermal
equilibrium is reached earlier than pore pressure equilibrium. This analysis shows the worst-
case scenario, where temperatures change immediately to the worst steady-state profile.
However, further work is required to refine the analysis to a transient state, since the steady

state temperatures may never be reached through a period of 6 months in reality.

Temperature
(UC)

Figure 4.0 — Temperature contours within model

Left: Initial Centre: Soil Cooling Cycle Right: Soil Heating Cycle

% It must be noted that pore pressure and stress plots show a distinct variation in profiles at depths between 39m and 40m.
This is due to end effects and their discussion is ignored for simplicity since it is not relevant for the scope of the project.
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4.1 Pore Pressure

The initial pore pressure is hydrostatic (with a water table at a level 4m below the surface
of the soil) as shown in Figure 4.1. The construction stage analysis is undrained, and as
excavation proceeds, the soil surrounding the excavation is sheared. The subsequent
behaviour is shown in Figure 4.1, which shows the changes in pore pressure between the

start and the end of undrained construction.

Below the excavation, as the soil above is removed, the soil is released from the
compression it was subjected to. Given the soil particles and pore fluid are
incompressible’, their volume must remain constant. This means that the decrease in total
stress acting on the soil is translated into a decrease in pore pressure (due to decreased
volumetric strain on the soil skeleton, and therefore on the pore fluid). At the sides of the
excavation, the horizontal stress in the soil decreases, therefore also inducing a decrease in
pore pressure as shown by the lowering contours of pore pressure. (Note that suction has
been limited to -100kPa in order to create a conservative analysis. If suction is higher
under the base-slab, less heave may occur).

Hia554 1
Ib¥ir ) O I

Pore

pressure
(kPa)

Figure 4.1 — Pore pressure at start and end of construction
Left: Initial Pore Pressures , Right: Pore Pressures at the end of construction

5 Even if the pore fluid is compressible, the volumetric stiffness of the pore fluid is much greater than that of the soil
skeleton, which has a similar effect as that of incompressibility.
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Figures 4.2 to 4.7 show the pore pressure variations in the soil adjacent to the diaphragm wall.
These graphs show the initial pore water pressure as the pore pressure when the diaphragm

wall was cast (therefore the profile is not hydrostatic).

Figure 4.2 shows the results adjacent to the excavation face of the diaphragm wall. As shown
in the figure, at the end of undrained construction, there are no results for pore pressure from
the top of the wall to a depth of 28m, since the soil has been excavated. At a depth of 28m
(immediately below the base slab) the pore water pressure in the soil has changed due to
undrained conditions not allowing the pore fluid to escape. Figure 4.3 shows the results on the
diaphragm wall opposite to the excavation face. As shown in the figure, during undrained
analysis the pore pressures suffer large deviations from the initial values due to soil shearing
and excavation. Suction pressures are generated at depths of 14-19.5m, however these remain
small (< -25kPa). Once consolidation starts, the pore fluid drains out of the pores, relieving
the excess pore pressures generated during the undrained analysis. This is shown by the pore
pressure profiles for 3, 6 and 9 months consolidation, being closer to that of the initial profile
in both Figures 4.2 and 4.3. The pore pressures do not return to the exact initial values since
consolidation is not complete in 9 months, however most consolidation has occurred at this

time.
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Figure 4.2 — Pore pressure variation throughout construction and consolidation, on
diaphragm wall excavation side



Pore pressure on wall soil face
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Figure 4.3 — Pore pressure variation throughout construction and consolidation, on diaphragm wall soil side

Figures 4.4 and 4.5 show the pore pressure variations due to cooling operation of the energy
wall. As the first cooling cycle starts (1 year), the temperature changes immediately from the
initial homogeneous 12°C, to a lower temperature. At the interfaces between the soil and
diaphragm wall, the temperature reduces by 10°C (to a temperature between 2 and 4.15°C).
This decrease in temperature causes the soil skeleton and the pore fluid to shrink, due to the
thermal contraction. This contraction decreases the volumetric strain on the soil skeleton and

therefore on the pore fluid, causing a decrease in pore pressure shown in both Figure 4.4 and

4.5.

Pore pressure (kPa)
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=0 years - cooling cycle 9

Figure 4.4 — Pore pressure variation throughout consecutive cooling cycles, on diaphragm
wall excavation side
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Pore pressure on wall soil face
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Figure 4.5— Pore pressure variation throughout consecutive cooling cycles, on diaphragm wall soil side

For the next cooling cycle the pore pressure reduces much further than for the first cooling
cycle as was expected, since the change in temperature is larger: 16°C change (16.62-18°C to
2-4.15°C) as opposed to 10°C change. The changes in pore pressures resulting from the
subsequent cooling stages are each slightly larger than the previous, although the temperature
changes for all cycles are the same: 16°C. Since the thermal expansions are also the same, the
volumetric strain induced (e « aAT, where a is the thermal expansion coefficient of the pore
fluid) should be the same, therefore inducing the same change in pore pressure. The deviation
from what is expected may be due to the temperatures for subsequent cooling cycles not
reaching the exact same values as for the previous cooling stage. This effect was observed and
documented in P.J.Bourne-Webb et. al. (2009), where it is indicated that this effect is
considered to occur “due to the store of thermal mass that has been built up in the extended
initial cooling phase”. The soil temperatures are disturbed by the initial cooling phase
imposing a different change in temperature than subsequent cooling cycles. Therefore, the
temperature changes for subsequent cycles cannot represent the behaviour of the undisturbed
soil observed in the first cycle. Further work is required to analyse whether this is the case, or
whether problems are found within the LS-DYNA code, that do not enable the correct

representation of pore fluid expansion®.

6 Until the end of the project an older version of LS-DYNA was used, which did not model pore fluid thermal expansion
correctly. An updated code was installed, which was used to obtain the results included in this report. Given that the code is
in constant improvement, there is a possibility that the code is not fully able to represent the exact pore fluid thermal
expansion mechanism, therefore owing to unexpected effects such as that explained above.
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Figures 4.6 and 4.7 show the pore pressure variations with the recharge cycles of the energy
wall. With the first recharge cycle, the temperature of the soil adjacent to the diaphragm wall
increases in temperature immediately by 16°C (from 2-4.15°C to 16.62-18°C). This causes
thermal expansion of the soil skeleton and pore fluid, which increases the pore pressure. The
following recharge cycles cause a larger increase in pore pressure although the temperature
changes they induce are the same as the first cycle. Once again, this effect may be due to the

“store of thermal mass” as explained previously for the cooling cycles.

Overall, it is apparent that pore pressure does not fully recover through consecutive 6-month
cooling and recharge cycles, hence causing an accumulation effect. In reality, the temperature
change between previous to steady state will not be immediate. Instead, the temperature will
gradually propagate throughout the model over a period of weeks or months, therefore
causing more gradual changes in pore pressure. It could be the case that the temperature never
propagates to the steady state, therefore smaller temperature differences would occur,
inducing smaller changes in pore pressure. This may allow pore pressure equalisation to occur
in 6 months, since the changes in pore pressure would be smaller. Further research is

necessary to analyse this problem.
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Figure 4.6 — Pore pressure variation throughout consecutive recharge cycles, on diaphragm wall excavation
side
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Figure 4.7— Pore pressure variation throughout consecutive recharge cycles, on diaphragm wall soil side

4.2 Total and Effective Horizontal Stresses
The horizontal stresses in the soil are the most important in terms of diaphragm wall

structural behaviour, since these stresses will induce bending moments on the wall.

Figures 4.8 and 4.9 show the total and effective horizontal stresses in the soil adjacent to the
diaphragm wall excavation face, through construction and consolidation. The initial total
horizontal stress profile in the soil is equal to the vertical stress times the horizontal earth
pressure coefficient, therefore the profile is linear. The initial effective stress profile is also
linear since it results from the total stress minus the pore pressure, as stated by Terzaghi’s
principle of effective stresses. The initial profiles shown in Figures 4.8 and 4.9 are not fully
linear since they are the profiles when the diaphragm wall is cast. As construction
concludes, the stresses from Om to 28m-depth are zero since the soil has been excavated.
From 28m to 40m, the total stress is due to the weight of the soil and the concrete base slab

above it. The total stress due to construction changes from the initial state, due to soil
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excavation and shearing. The effective stress is equal to the total stress minus the pore

pressure, thus effective stress also changes from its initial state.

During consolidation, the pore pressures will decrease as drainage of pore fluid is allowed.
Since effective stress is equal to total stress minus pore pressure, when pore pressures
decrease, effective stress increases as shown in Figure 4.9. Given that total stress is
computed as effective stress plus pore pressure, total stress shows the same increase as the
effective stress at the end of consolidation. Since the pore pressure is always positive
(except in a minor section in undrained), the effective stresses have a larger magnitude than
the total stresses at all times. This causes the effective stress profile to be shifted to the left,

relative to the total stress profile.
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Figure 4.8 — Total horizontal stress variation throughout construction and consolidation,
on diaphragm wall excavation side
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Figure 4.9 — Effective horizontal stress variation throughout construction and consolidation, on
diaphragm wall excavation side

Figure 4.10 shows the variation of total horizontal stress profiles in the soil adjacent to
the diaphragm wall excavation side, due to thermal operation of the energy wall. Due to
cooling, the total stress in the soil decreases. This happens because the soil grains and
skeleton suffer a thermal contraction, reducing the strain in the soil skeleton. This results
in a decrease in total horizontal stress as shown in Figure 4.0. Heating has the opposite
effect, since the soil skeleton and grains suffer thermal expansion, thus increasing the

stress in the soil.

Figure 4.11 shows the effective stress profile in the soil adjacent to the diaphragm wall
excavation face, due to cooling and recharge cycles. Cooling causes soil skeleton and
pore fluid thermal contraction, reducing soil skeleton strains and pore pressures. Since the
effective stress is equal to total stress minus pore pressure, the effective stress decreases
due to the decrease in both total stress and pore pressure. Heating has the opposite effect,

therefore causing the effective stresses to increase due to heat recharge.

30



Total Stress on wall excavation face
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Figure 4.10 — Total horizontal stress variation throughout energy wall operation, on
diaphragm wall excavation side
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Figure 4.11 — Effective horizontal stress variation throughout energy wall operation,
on diaphragm wall excavation side
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Figures 4.12 and 4.13 show the cumulative total and effective horizontal stresses in the
soil adjacent to the diaphragm wall soil face. The initial total horizontal stress is due to
the soil weight only, and is therefore linear. As excavation proceeds, the horizontal
stresses on the diaphragm wall decrease, and thus it displaces into the excavation. This
induces soil shearing behind the diaphragm wall, since the soil “moves” towards the
excavation, in the same way as the diaphragm wall displaces. As props and permanent
floor slabs are constructed, these exert stresses on the wall, which in turn exert stresses on
the soil behind the wall. These changes in stress result in the “zig-zag”, highly distorted
total stress profile shown. As explained before, the effective stress profile is almost exact
to that of the total stress, with the exception that the graph has been pushed towards the
left, since effective stress is total stress minus pore pressure. Therefore the highly
distorted profiles of effective stress in Figure 4.11 are due to the same phenomena

explained for total stress above.

During consolidation, pore fluid drains out of the pores causing a decrease in pore
pressure. This corresponds to a decrease in effective stress, and due to Terzaghi's

principle, a decrease in total stress.
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Figure 4.12 — Total horizontal stress variation throughout construction and consolidation, on
diaphragm wall soil side.
Floor slab locations indicated by arrows.
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Figure 4.13 — Effective horizontal stress variation throughout construction and consolidation, on
diaphragm wall soil side

Figures 4.14 and 4.15 show the variation of total and effective horizontal stresses on the
soil adjacent to the diaphragm wall soil side, due to energy wall operation. The graph
shows the results of cooling cycles in green and blue colours, and those of recharge
cycles in orange, red and purple. As cooling occurs, the soil undergoes a thermal
contraction, thus decreasing the strain and the stress in the soil skeleton. This induces a
decrease in total stress in the soil, as shown by most sections in Figure 4.14. The fact that
the total stress increases in some sections is thought to indicate that the soil in that area
changes to a passive state, from a previously active state. This may indicate the formation
of a pivot about which the diaphragm wall rotates. As heating (recharge) occurs, the soil
undergoes thermal expansion, thus increasing the total stress in the soil, as shown by
most sections in Figure 4.14. Given that some sections show stresses decrease, instead of
increasing, indicates that the soil in that area has gone from an active to a passive state in
terms of diaphragm wall operation. Once again, this may show the formation of a pivot,
about which the diaphragm wall rotates. Further research is necessary to investigate this
effect and its consequences. The effective stress plots show that cooling cycles cause
decreases in effective stress, and the reverse in heating (recharge cycles). This is expected

due to decreases in pore pressure as explained previously.
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Figure 4.14 — Total horizontal stress variation throughout energy wall operation, on diaphragm wall soil side
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4.3 Settlement and Displacement

4.3.1 Energy Wall Displacement

Changes in pore pressure and thermally induced expansion or contraction of all materials,

will cause the soil and the diaphragm wall to displace. Figure 4.16 shows the cumulative

horizontal displacement due to construction and consolidation. Negative displacement

indicates the diaphragm wall is displacing into the excavation. It must be noted that the

“zig-zag” nature of the curve is thought to be due to numerical error introduced by the

method of calculation of displacement by LS-DYNA. It is not thought to be a product of

mechanical phenomena within the actual model. Further investigation is needed to

improve the analysis.

As shown in Figure 4.16, at the end of
undrained construction, the wall displaces in a
curved manner, with a  maximum
displacement of 32mm at a depth of 19m. The
maximum occurs at this point since this point
lies in the area of greatest un-propped
diaphragm wall height. The displacement at
depths greater than 28m is almost zero since
the diaphragm wall toe is embedded in 12m of
soil. The magnitude and shape of the
displacement are thought to be correct and
acceptable for construction-induced
displacements, since they fit predictions from
Arup (Analysis of Dean Street Station, Arup
2010-2011). Consolidation causes a further
2.5mm increase in movement (maximum) due
to pore fluid draining from the pores, therefore
resulting in a change in volume of the soil

matrix.
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Figure 4.16— Horizontal displacement of diaphragm
wall due to construction and consolidation.
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As shown in Figure 4.17-1, with a cooling cycle, the temperature decreases by 16°C, and
the soil shrinks due to cooling. This causes the displacement of the wall to decrease by
Imm relative to the cumulative displacement at the end of the previous recharge cycle. As
the excess pore pressures dissipate during the cooling cycle, the displacement increases by
a further 2mm. After the recharge cycle starts, the soil expands due to heating, as the
temperature increases by 16°C. Increasing temperatures increase the hydraulic
conductivity of the pore fluid, facilitating drainage and therefore increasing displacement
slightly, for a given recharge cycle as shown. These effects in conjunction cause the
diaphragm wall to displace by around Smm more in heating than in cooling. Since the
analysis is a coupled thermo-hydro-mechanical analysis, the changes in displacement due
to thermal stresses and dissipation of pore pressures cannot be fully differentiated. Further

investigation would be necessary to analyse the relative contributions of each effect.
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Figure 4.17-1- Horizontal displacement of diaphragm wall due to cooling and recharge operation.
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Figure 4.17-2— Horizontal displacement of diaphragm wall due to energy wall operation.

Left: Displacement due to cooling cycles. Right: Displacement due to recharge cycles.

The displacements due to consecutive cooling and heating cycles are larger than the
previous respective cycles. Given that the soil is elasto-plastic, it was expected that the
soil would not return to its original position, however this increasing change of
displacement for every consecutive cooling or heating cycle was not expected, given that

the magnitude of the temperature change is always the same.
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Although the total displacement after 9 years is acceptable: 85mm, it is alarming that the
displacement change due to each cycle increases. Given that the pore pressures do not
recover to the expected states, as explained in section 4.1, an accumulation of pore
pressures occurs. The effective stresses depend on the pore pressure; therefore they
manifest a similar accumulation effect. It seems that this accumulation effect in pore
pressures and effective stresses can be the cause of magnification in displacements due to
consecutive thermal cycles. Given that in reality there will be insulation on the excavation
side of the diaphragm wall, the temperature gradient between the diaphragm wall and the
soil will be smaller. This means that the expansion of the pore fluid and soil skeleton will
decrease, reducing changes in stresses and pore pressures, which will lead to smaller

displacement. However, further research is necessary to analyse this effect in depth.

4.3.2 Soil Surface Settlement

The settlement of the soil behind the diaphragm wall is shown in Figures 4.18 to 4.20.
Horizontal displacement and settlement are highly interlinked, since the horizontal
displacement of the wall into the excavation will cause the soil to move towards the zones of
most displacement of the diaphragm wall. Pore pressures and thermal stresses are the main

factors influencing the settlement of the soil surface.

Initially, the soil is assumed level. As indicated in Figure 4.18, construction is analysed as
undrained and therefore pore pressures cannot dissipate. As excavation proceeds, the
diaphragm wall displaces horizontally due to relieved horizontal stress. This allows the soil
to “flow” towards the left, filling the space the diaphragm wall left empty as it displaced.
This phenomenon causes settlement behind the diaphragm wall. The shape of the settlement
curve is thought to be a result of the soil “flow” mechanism, causing maximum
displacement at 30m from the diaphragm wall. It must be noted that the settlement at Om
behind the diaphragm wall is 0 due to the rough boundary modelled between the wall and
the soil, which allows no relative movement of both. The maximum settlement at the end of
construction 1s 16mm, which is within acceptable limits of settlement. As consolidation
occurs, excess pore pressures are relieved, which allows the soil to swell upwards, therefore

decreasing settlement slightly to a maximum of 15.5mm.
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When the first cooling cycle starts, the temperature of the soil reduces by 10°C, causing the

soil to shrink and pore pressures to decrease. As shown in Figure 4.19, this causes an

increase in settlement of 8mm (maximum). Settlement increases most, closer to the

diaphragm wall, since the temperature drop is highest at this location. As the distance behind

the wall increases, the increase in settlement decreases due to higher temperatures in these

sections (i.e. temperature change between the previous and current state in these sections of

the soil is smaller).
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As shown in Figure 4.20, with the start of the first heating cycle, the soil skeleton and pore
fluid expand, which causes the soil to swell. Given that the temperature change is 16°C, the
magnitude of change in settlement due to heating is larger than that for cooling (change in
temperature for first cooling cycle was 10°C). Once again, the change in settlement is most
pronounced closest to the energy wall, given that the temperature gradients are highest in

this area. These will cause larger changes in strains, thus larger settlements.

The consecutive cooling and heating cycles cause the settlement to increase to a maximum
of 54mm after 9.5 years of operation. This values is acceptable, however the fact that
consecutive heating and cooling cycles show increasing magnitudes of changes in settlement
is alarming. This effect may be due to the fact that pore pressures do not recover during 6
months of cooling or heating, causing pore pressure accumulation. This, in turn will cause a
magnification in settlement between consecutive heating and cooling cycles. Further
investigation is needed to analyse the effect of this phenomenon on the long-term operation
of the energy wall. A concern arising from this analysis is that displacements of the
diaphragm wall and settlements of the soil surface will increase progressively due to energy

wall operation, throughout the lifetime of the structure.
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Figure 4.20 — Settlement behind the diaphragm wall due to consecutive recharge cycles.
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4.4 Energy Wall Bending Moment

Construction and consolidation cause stress and strain variations in soil, and thermal
operation of the energy wall cause stress and strain variations in both concrete and soil.
Therefore, differential strains can develop within the width of the diaphragm wall, which
induce bending moments in the wall. The thermal expansion or contraction of concrete
causes a variation of volumetric strains within the diaphragm wall. Given that the
temperature within the width of the wall is not uniform, since the pipe is not centrally-
located, and that the wall is restrained from moving by the soil and the concrete floor slabs,
the differential strains induce a bending moment on the wall. The thermal expansion or
contraction of the pore fluid and soil skeleton causes a change in pore pressures, total
stresses and effective stresses in the soil. Therefore, soil pressures acting of the wall change,
causing further bending moments. Once the pore pressures dissipate after the temperature
cycle starts, this causes a further stress redistribution, leading to further changes in bending
moment. The overall effect of these phenomena in conjunction is observed in Figures 4.21
and 4.22. Further work is required to obtain an analysis indicating the effect of each

contribution separately.

As shown in Figures 4.21 and 4.22, the bending moment is smallest at the bottom 8m of the
diaphragm wall since this is the toe of the wall, and it is well embedded into the soil.
Between Om and a depth of 15m the bending moments remain within a maximum magnitude
of 900kNm, which is small compared to the maximum magnitude of the bending moments
at -19m: 2550kNM, and at -25m: 3500kNm. This is because the top section of the
diaphragm wall is restrained by more closely-spaced floor slabs compared to the bottom.
The bending moment at -19m 1is large since this point is in the section of diaphragm wall
with least horizontal restraint, therefore the wall is allowed to bend the most. The bending
moment at 25m-depth is large due to the high stiffness of the base slab causing a high force

on the diaphragm wall, which in turn imposes a large bending moment.

A positive result is that the bending moments due to any stage of the analysis remain within
the maximum bending moment envelope determined by Arup (based on the plastic moment
capacity of the wall). There are two exceptions to this statement: at the top 3m of wall and at
a depth of 24-26m. The top deviation may be due to the fact that the top floor slab modelled
does not provide sufficient restraint for the wall compared to reality. At a depth of 24-26m,

the deviation is due to positional tolerances of the floor slab in this area. The Hypermesh
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model created for the Energy Wall was limited to having 1m thick elements, and therefore
only being able to place floor slabs at full number depths (i.e. 23m not 23.2m), even though
in reality this is not the case. Furthermore, the bending moment in the wall surpasses the
safe bending moment envelope determined by Arup, only after 7 years of operation at a
depth of 25m to 27m. This may be partly due to positional tolerance, however the general
trend of highly increasing bending moments is alarming. Once again, this increase of
bending moment is due to the accumulation effect mentioned previously, and therefore
further research is necessary to analyse this effect. Further investigation is required to obtain
a quantitative analysis of the bending moments imposed on the wall by the short and long-
term operation. This would allow setting upper bounds to the bending moment that the
diaphragm wall can resist if it is to remain safe during thermal operation.
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Figure 4.21 — Bending moment on diaphragm wall through construction and consecutive cooling cycles.
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Figure 4.22 — Bending moment on diaphragm wall through construction and consecutive recharge cycles.

5.0 Conclusions

The thermal operation of the energy wall causes changes in pore pressure, total stress and
effective stress in the soil. These, in turn, cause displacements of the diaphragm wall into the
excavation, changes in settlement and variations of the bending moments on the diaphragm

wall.
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During cooling operation, the soil skeleton shrinks due to thermal contraction, which
decreases the total stress in the soil. Due to volume conservation, the shrinking of the soil
skeleton subjects the pore fluid to increased compressive volumetric strains. These reduce the
pore pressures in the soil; therefore the effective stresses in the soil decrease. As a result, the
displacement of the diaphragm wall decreases, and soil surface settlement increases due to
soil matrix contraction. During the 6 months of cooling, excess pore pressures are allowed to
dissipate, causing the soil to swell, which reduces settlement but increases diaphragm wall
horizontal displacements. Furthermore, differential thermal stresses within the diaphragm
wall cause differential strains, which induce bending moments on the wall. The total bending
moment on the diaphragm wall due to cooling is due to variations in stresses and thermally

induced bending moments within the diaphragm wall.

During heating (recharge) operation, the reverse to cooling occurs. Temperature increases
cause the pore fluid and soil skeleton to expand, increasing pore pressure, effective and total
stresses. These cause an increase in diaphragm wall horizontal displacement, and a decrease
in settlement due to soil matrix expansion. Thermal expansion of the diaphragm wall itself
induces bending moments on the wall, which add to the bending moments due to soil
pressures. Heating cycles induce greater displacements than cooling cycles since increasing
soil temperature increases the hydraulic conductivity of the soil, therefore increasing

displacements due to pore pressure recovery.

The main concern raised by this analysis is the magnification of displacement, settlement and
bending moment changes with consecutive thermal cycles. If these parameters increase
steadily throughout the thermal operation of the energy wall, the safety of the geotechnical
structure will be threatened at a point throughout its lifetime. It is thought that the cyclic
thermal behaviour of the energy wall may cause soil strength degradation, compromising the
structural performance of the diaphragm wall. For this reason, extensive investigation of the
thermo-hydro-mechanical behaviour of energy walls is required, in order to evaluate their

long-term stability and confirm their safety for continued use.

44



6.0 Suggestions for Further Work

Given the limitations of the Energy Walls analysis explained in section 3.3, there is room for

improvement and further work. The most important further work suggestions are summarised

below:

1.0 Analysing whether the bending moments resulting after immediate heating or cooling are
due to thermally induced stresses, or due to varying soil pressures as the pore pressures
change.

2.0 Perform an improved 2D thermo-hydro-mechanical analysis by imposing specified heat
fluxes or heat extraction requirements, as opposed to setting pipe temperatures.

3.0 Performing a complete 2D transient coupled thermo-hydro-mechanical analysis of the
energy wall, with a daily and annual variation of temperature at the top surface of the soil.

4.0 Implementing the advanced elasto-plastic soil BIRCK model for clays in a 2D analysis,
which reflects the clay soil characteristics more appropriately compared to the Mohr-
Coulomb model.

5.0 Extending the 2D analysis by the use of a more advanced or modified versions of the
BRICK and Mohr-Coulomb soil constitutive models, to model the viscous behaviour of
soil. This would allow the investigation of the effects of creep.

6.0 Extending the 2D analysis further, to model the long-term behaviour of the Energy Wall
over a period of 50 years of uninterrupted operation.

7.0 Performing a coupled 3D thermo-hydro-mechanical analysis of the energy wall,
consecutively adding all the improvements mentioned above.

8.0 It would be highly advantageous to install monitoring and measuring devices into newly
constructed energy walls, in order to obtain field data that would enable computational
model calibration.

9.0 Further investigation of the effect of thermally induced strains and stresses on both soil
and diaphragm wall is necessary. This would allow the determination of limiting stress
and strain values, which could be monitored using appropriate instrumentation during the

operation of the energy wall, in order to ensure that the system will remain safe.
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Appendix

A.1 Risk Assessment Retrospective

The project’s initial risk assessment poorly analysed the severity of some of the risks
involved. It mainly considered risks related to ergonomic design of the workspace and
posture, however the impact of these risks was not evaluated efficiently. Only through
repeated use of the workspace, did it become apparent how severe the impacts of inadequate
posture and poor workspace layout were. Furthermore, the likelithood of occurrence and
impact of tripping hazards resulted higher than expected, not only in the main workspace, but
also in its access route. Visual strains due to glare and insufficient lighting intensity resulted
in a major aspect of discomfort and poor attainment at specific times, as did insufficient
ventilation and air freshness in the workspace. In retrospect, a thorough and complete risk
assessment should have been completed through the use of the designated workspace, not
merely through reasoning and past experience, as was the case for the initial assessment. The
risk assessment should have indicated all the risks, their likelihood of occurrence and impact,
as well as corresponding remedial or mitigating actions. In cases were the impact of the risk
seemed subtle, this should have been evaluated in terms of its effect to productivity and

comfort, which are closely related to attainment and therefore project success.

A.2 Project Programme

31/05/11 30/06/11 31/07/11 30/08/11 30/09/11 31/10/11 30/11/11 31/12/11 31/01/12 01/03/12 01/04/12 02/05/12 01/06/12

Literature Review " —
H&S Lecture '
Risk Assessment Form to Safety Office !
First Project Meeting with Supervisor !
Complete 2D Fine FE mesh —
First P&I Meeting !
Geomechanical Analysis for 2D Fine Mesh —
Solve Problems with Mesh -
Solve Problems with LSDYNA Code -
Create Coarser Mesh to Simplify Computation '
Geomechanical Analysis for 2D Coarse Mesh =
Michaelmas Presentation !
Second P&l Meeting !
Submission of Technical Milestone Report !
2D Preliminaty Thermo-Mechanical Analysis using LSDYNA R ——
2D Thermo-Mechanical Analysis Soil - Winter
2D Thermo-Mechanical Analysis Wall - Winter
2D Thermo-Mechanical Analysis Soil - Summer
2D Thermo-Mechanical Analysis Wall - Summer
Refine Analysis using Soil Brick Model for London Clay
2D Analysis of Long-Term Effects on Soil
2D Long-Term Effects on Diaphragm Wall
3D Thermal Analysis
Third P&I Review !
Fourth P&I Review !
Final Report Submission !
Start of mini-conference period !
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