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1 Introduction
National Grid is proposing the replacement of a high pressure transmission gas pipeline beneath
the River Humber. The construction of the pipeline will require the construction of two pits (the
Drive Pit and the Reception Pit) together with a 5km long tunnel between the two pits.
To understand the hydrogeological conditions of the scheme, an initial Phase I Site Investigation
has been conducted with supplementary ground investigations (e.g. Goxhill CPTs and Stoneledge
GSI), reports, consultations and site visits undertaken as required to alleviate uncertainties. To
further enhance the hydrogeological understanding, additional site investigation and pumping
tests has been undertaken with additional testing proposed to be undertaken by the Main Works
Contractor once the final design is confirmed.
Without the implementation of appropriate and proven engineering mitigation, artesian
groundwater conditions (piezometric head above top of Chalk) encountered within the Chalk
aquifer could cause significant construction risks. A robust groundwater control system has been
designed, to ameliorate these risks, which can be implemented for the duration of the
construction works until the concrete bases have been poured and cured in the Pits.
To ensure the most appropriate design and mitigation measures are implemented, an
assessment of the hydrogeological impact is required. Such an assessment is particularly crucial
for the Drive Pit area where historical and current over-abstraction has led to derogation of the
aquifer and a groundwater imbalance prohibiting further abstractions.
Hyder has undertaken a Hydrogeological Impact Assessment (HIA) of the project, following the
Environment Agency guidance document titled Hydrogeological impact appraisal for dewatering

abstractions. Science Report – SC040020/SR1 (EA, 2007).
National Grid has commissioned OGI to review and build upon the findings of the Hyder HIA and
the proposed groundwater control with our practical and technical engineering expertise in
groundwater control design. Explanation of the groundwater control system installation is
provided along with case studies where the concepts described have been implemented
previously.
To design the groundwater control system for variable ground conditions, it is necessary to
understand how variations in the ground conditions will affect the design requirements and most
importantly the hydrogeological impact. Using a radial mathematical model, a sensitivity analysis
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has been undertaken to demonstrate which hydrogeological parameters are sensitive and which
have a negligible effect on the hydrogeological impact. This analysis allows proven, engineering
mitigation measures to be planned and implemented for any conditions observed on site.
As the project progresses, fine-tuning of the groundwater control design and implementation of
additional mitigation measures can be undertaken once the final construction design has been
selected and more focused testing conducted, if required.
Ongoing inspection, testing and monitoring will allow proactive management of the groundwater
control system for the lifespan of the construction project.
The groundwater control design process as the scheme progresses is discussed in Chapter 7.
Additional queries raised during the preliminary design process are answered in Appendix A.
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2 Summary of the Hyder HIA
This chapter summarises the main findings of the Hyder HIA including the existing hydrogeology
of the Feeder 9 site, receptors sensitive to the groundwater control operation, hydrogeological
modelling and the assessed hydrogeological impact.
OGI has built on the Hyder HIA findings with additional investigations, modelling and
consultations, with a focus on the hydrogeological behaviour local to the Pits with a preliminary
groundwater control design.
The scope of works for the Hyder HIA is presented below:


Collate relevant information including ground investigation data, EA information, British
Geological Survey maps and records;



Liaise with EA and Anglian Water. We would review the need for a site visit and/or
meeting with the EA during the Scheme;



Develop a detailed conceptual understanding of the hydrogeology (aquifer hydraulic
properties, groundwater flow regimes);



Identify water features at risk of being impacted and display these on a ‘water features
map’;



Build a numerical model to simulate groundwater flow and the dewatering and tunnelling
activities;



Assess the impacts described above from the dewatering and tunnelling activities;



Assess mitigation options (if required) including changes to pile lengths and provide a
groundwater monitoring strategy to verify impacts (or lack of) during the Scheme
construction; and



Deliver a technical report on the findings of the above that may be used to inform the
Environmental Statement

Hyder’s assessment of the significance of impacts has been guided by the HIA methodology (EA,
2007). The methodology can be summarised in the following 14 steps:


Step 1: Establish the regional water resource status;



Step 2: Develop a conceptual model for the abstraction and the surrounding area;



Step 3: Identify all potential water features that are susceptible to flow impacts;



Step 4: Apportion the likely flow impacts to the water features;



Step 5: Allow for the mitigating effects of any discharges, to arrive at net flow impacts;
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Step 6: Assess the significance of the net flow impacts



Step 7: Define the search area for drawdown impacts;



Step 8: Identify all features in the search area that could be impacted by drawdown;



Step 9: For all these features, predict the likely drawdown impacts;



Step 10: Allow for the effects of measures taken to mitigate the drawdown impacts;



Step 11: Assess the significance of the net drawdown impacts;



Step 12: Assess the water quality impacts



Step 13: If necessary, redesign the mitigation measures to minimise impacts; and



Step 14: Develop a monitoring strategy.

2.1 Hydrogeology
2.1.1

Regional Water Resource Status

The south Humber bank is covered by the Grimsby, Ancholme and Louth Catchment Abstraction
Management Strategy (CAMS). Under the CAMS, no groundwater is available for abstraction
except at extremely high flows with groundwater resources in the Lincolnshire Chalk fully
committed to existing users and the environment.
The north Humber bank is covered by the Hull and East Riding CAMS. Water is available at very
low flows and higher flows 95% of the time (abstraction may have to stop if groundwater levels
fall too low to prevent saline intrusion).
In the Water Framework Directive (WFD) both groundwater bodies, the Grimsby Ancholme Louth
Chalk and Hull and East Riding Chalk, have been determined at risk of failing to meet WFD
objectives of having a good quantitative and chemical status by 2015.
2.1.2

Geology

Hyder have developed a conceptual model of the scheme based on all available geological and
hydrogeological data sources (at the time of writing). This includes the Phase I site investigation
and supplementary Goxhill CPT and Stoneledge site investigations for the scheme along with
previous regional site investigations/pumping tests and scientific literature.

2.1.2.1 Drive Pit
At the Drive Pit, the relevant geology can be summarised as follows:
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The Glacial Deposits observed in boreholes proximal to the Drive Pit are predominantly cohesive
in nature and extend to 10m below ground level.
At the interface between the Glacial Deposits and underlying Burnham Chalk, a band of
weathered Chalk is encountered. The weathering nature of the Chalk varies laterally with some
weathering encountered as granular 'Chalk Bearings' and some weathering encountered as
cohesive 'Putty Chalk'. For the Hyder conceptual model, a 4m thick layer of Chalk Bearings has
been selected.
The Drive Pit excavation is expected to terminate within the Burnham Chalk which underlies the
Glacial Deposits and weathered zone. The Burnham Chalk is characterised by hard, thinly
bedded Chalk with frequent tabular flints and discontinuous flint bands. The regional dip of the
Chalk is 1 to 2 degrees to the northeast.
Fracturing is apparent within the Chalk and this is evident throughout the region. Bedding plane
fractures are regionally extensive and may be developed in association with marl seams, flint
bands and hardgrounds (Whitehead and Lawrence, 2006).
Regionally the majority of the solution enhanced fractures occur within +/- 30m of the present
sea level. In addition, fractures commonly close with increasing depth due to overburden
pressure (University of Birmingham, 1982).

2.1.2.2 Reception Pit
At the Reception Pit, the relevant geology can be summarised as follows:


Tidal Flat Deposits



Glacial Deposits



Chalk

The Tidal Flat Deposits consist of interbedded peat, cohesive and granular layers and are
observed within the top several metres of ground at the Reception Pit.
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Glacial Deposits beneath the Tidal Flat Deposits extend to approximately 40m below ground
level, with the Pit terminating within the deposits. Ground investigation and additional site
observations have indicated that the glacial deposits are interbedded cohesive (clay etc) and
granular deposits. Additional site investigation is to be undertaken at the site imminently to
improve the geological understanding of the glacial deposits at the Reception Pit.
Underlying the Glacial Deposit lies the Flamborough Chalk which is typically softer than the
Burnham Chalk with frequent marl bands and negligible flint. This will not be encountered during
the Reception Pit excavation, but will be encountered by the TBM during the tunnelling operation.
2.1.3

Hydrogeology

2.1.3.1 Drive Pit
Limited groundwater is observed within the superficial deposits due to the cohesive nature of the
deposits with groundwater encountered being perched in granular lenses. The low permeability
of the deposits has led to confinement of the underlying Chalk aquifer producing artesian
groundwater conditions (piezometric head above top of Chalk but monitored below ground level).
The weathered Chalk zone that divides the Glacial Deposits from the underlying Chalk is
hydrogeologicaly important due to its high porosity and transmissivity (when granular Chalk
Bearings). During previous pumping tests in the area (Goxhill PWS) a transmissivity of
3500m2/day was observed for the Chalk Bearings with a transmissivity of 1800m2/d for the
underlying Chalk. For this reason, the Chalk Bearings are considered an integral part of the
regional aquifer system despite their relative thickness compared to the Chalk.
The underlying Chalk at the Drive Pit site is designated as a Principal Aquifer. The Chalk forms a
dual-porosity aquifer, with primary porosity in the matrix and secondary porosity in the form of
solution-enhanced fractures.
Due to the small pore-throat size, the matrix permeability of the Chalk is very low, typically less
than 1 x 10-7 m/s (Price et al. 2003). For this reason fractures (in particular the solution
enhanced fractures) contribute almost all the aquifer permeability (Whitehead and Lawrence,
2006).
With fractures focused in the top 30m/40m of the aquifer, this means that there are two distinct
hydrogeological zones; the more permeable fractured Chalk and the less permeable nonfractured Chalk.
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The main fractures within the fractured Chalk are predominantly sub-horizontal with the
horizontal continuity of these deposits providing the potential for rapid sub-horizontal flow in the
saturated zone (Whitehead and Lawrence, 2006). Core logging and geophysical logging has
demonstrated the dominance of these closely and very closely spaced sub-horizontal bedding
joints compared to widely spaced inclined joints.
Due to the sub-horizontal fractures contributing almost all the aquifer permeability, the Burnham
Chalk is considered to be very anisotropic with a horizontal permeability (kh) many orders of
magnitude greater than the vertical permeability (kv). Hyder has assumed a kh/kv of 20 in their
model and OGI has assumed a conservative kh/kv of 10. In practice this anisotropy ratio could be
greater, leading to a further subsequent reduction in drawdown and groundwater flow.
The non-fractured Chalk below has a much lower transmissivity. Evidence from fluid logging in
the region indicates 90% of flow into Chalk boreholes is derived from the Chalk Bearings and
upper few metres of the Chalk (University of Birmingham, 1982). In the Hyder model, this
unfractured Chalk has been given a specified transmissivity value of 50m2/d.
Groundwater levels are currently being monitored by data loggers and vibrating wire piezometers
across the sites. An artesian piezometric head of 1.0 to 1.5mOD is currently being observed.
Historically during drought periods the groundwater level has fallen to at least -0.5mOD (during a
drought in 1992/1993). Tidal variation is apparent on the Goxhill side of the Humber but at the
location of the Drive Pit, approximately 800m from the estuary, this tidal variation is small.
Chemical analysis of the groundwater has indicated that fresh groundwater is observed at the
Drive Pit, with the groundwater becoming more saline towards the estuary. The freshwaterbrackish water interface is just to the northeast of the Drive Pit (L01 produced fresh
groundwater, L02 produced mildly brackish groundwater).

2.1.3.2 Reception Pit
The groundwater monitoring undertaken to date has indicated groundwater levels at the
Reception Pit in the order of +1.0mOD. Tidal influence on the groundwater within the shallow
deposits is minimal and the groundwater monitored has been brackish in nature.
The tidal flat deposits are regionally considered to be slightly more permeable than the
underlying glacial till with pockets of groundwater encountered within the granular deposits.
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The cohesive glacial deposits will be of a low permeability with any groundwater observed in the
granular beds. The interbedded nature of the deposits will impede vertical flow with lateral flow
of groundwater predominant.

2.2 Receptors
The tables below document the sensitive receptors to the groundwater control operation in the
vicinity of the Drive and Reception Pits
TABLE 1: Receptors to the groundwater control operation at the Drive Pit
Receptor

Distance from
Drive Pit (m)

Potential Impact

Fir Tree Farm Borehole

306

Derogation of protected right

WWII Bomb Decoy

334

Mobilise potential contamination

Fir Tree Farm Slurry Pits

366

Mobilise potential contamination

Loe Risby House

568

Derogation of protected right

East Halton Beck

764

Failure to achieve WFD Objectives of
good ecological potential by 2027

Well East Halton Lincolnshire

778

Derogation of protected right

Elm Tree Farm

805

Derogation of protected right

Spring Farm

813

Derogation of protected right

Halton Skitter Haven / Goxhill

844

Derogation of protected right

Flood Levee

863

Settlement and increased flood risk

East Halton Saltmarsh

969

Derogation of Habitat

East Marsh Farm

1001

Derogation of pond, amenity.

Old Coastguard Station

1041

Derogation of protected right

Chapel Farm

1194

Derogation of protected right

Horsegate Farm

1688

Derogation of protected right

Stavely House

2260

Derogation of private water supply

Brockhampton

2377

Derogation of private water supply

Chalk Aquifer

N/A

Saline Intrusion, Interruption of flow
paths, Removal of confining layer, Impact
on groundwater balance

Surrounding Ground, structures
and infrastructure

N/A

Settlement
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TABLE 2: Receptors to the groundwater control operation at the Reception Pit
Receptor

Distance from
Reception Pit (m)

Potential Impact

South Pasture Drain

95

Derogation of habitat

Cow Hill Landfill

100

Mobilise potential contamination

Unnamed Well/Spring

165

Derogation of protected right

Paull Holme Quarry (Landfill)

211

Mobilise potential contamination

Dem’s Wood pond

253

Derogation of amenity feature

Flood Levee

281

Settlement and increased flood risk

Thorngumbald Drain

314

Derogation of habitat, increased flood
risk

Paull Holme Strays

400

Derogation of habitat

Paull Holme moated site and
tower

445

Damage to scheduled monument

Boreas Hill Farm pond

597

Derogation of amenity feature

Flood Levee

887

Settlement and increased flood risk

Paull

1168

Derogation of protected right

High Paull, Cliff

1270

Derogation of protected right

Fort Paull Battery

1368

Chalk Aquifer

N/A

Saline Intrusion, Interruption of flow
paths.

Surrounding Ground, structures
and infrastructure

N/A

Settlement

Derogation of private water supply.
Damage to scheduled monument

The tunnelling operation between the two pits will be with a closed system such as a Slurry or
Earth Pressure Balance TBM (as discussed in Appendix A) that inhibits groundwater ingress,
producing negligible drawdown and minimal abstraction. As tunnelling progress the tunnel
annulus is grouted preventing the annulus acting as a conduit for groundwater. This system
ensures that no cross connection of aquifers can occur as tunnelling progresses through the
various strata. Additional details on the launching of the tunnel are discussed within Chapter 4.7
of the Hyder HIA.
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2.3 Modelling
A long section through the Feeder 9 tunnel route and cross sections through the Drive Pit and
Reception Pit (perpendicular to the tunnel route) were selected by Hyder to assess the response
from groundwater control during the construction works.
The initial models were constructed using values identified from the site investigations, reviewed
published literature and engineering judgement. Following this, the models were calibrated to
the tidal groundwater response.
From the calibrated model, the drawdown and flows have been calculated from the groundwater
control operations for the following scenarios:


No engineering controls.



The proposed engineering controls (-26mOD piles at the Drive Pit).



Deeper engineering controls

Cross sectional models consider only 2D flow effects which provide a conservative magnitude and
extent of drawdown for assessing the hydrogeological impacts. The primary flow to the structure
from the Wolds is assessed along with flow into the structure from the direction of the estuary,
but the 3D radial flow to the construction is excluded producing lower flow rates.
More conservative values of the flow are obtained from our radial sensitivity analysis.

2.4 Hydrogeological Impact
2.4.1

Modelled and Assessed Impacts:

Table 3 documents the modelled and assessed hydrogeological impact at each of the sensitive
receptors at the Drive Pit with the proposed engineering controls. These impacts are determined
from Hyders initial assessment of the hydrogeological impact at each receptor together with
subsequent investigations/consultations.
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TABLE 3: Modelled and Assessed Impacts at the Drive Pit
Receptor

Distance from
Drive Pit (m)

Modelled and Assessed Impacts

Fir Tree Farm Borehole

306

No detrimental impact predicted.

WWII Bomb Decoy

334

If fuel storage tanks exist, potential for
contaminant mobilisation. Additional
investigation by the MWC recommended.
No detrimental impact predicted.

Fir Tree Farm Slurry Pits

366

Consultation with site indicates low
permeability clay lining of the pits.

Loe Risby House

568

No detrimental impact predicted.

764

Potential for reduction in baseflow to the
Beck with a low risk of impacting the long
term WFD objective.

East Halton Beck

Baseline monitoring to determine flows in
the Beck recommended.
Well East Halton Lincolnshire

778

No detrimental impact predicted.

Elm Tree Farm

805

No detrimental impact predicted.

Spring Farm

813

No detrimental impact predicted.

Halton Skitter Haven / Goxhill

844

No detrimental impact predicted.

Flood Levee

863

No detrimental impact predicted.

East Halton Saltmarsh

969

No impact predicted. Site hydrologicaly
dominated by the estuary

East Marsh Farm

1001

Small potential for derogation of feature.
Monitoring recommended.

Old Coastguard Station

1041

No detrimental impact predicted.

Chapel Farm

1194

No detrimental impact predicted.

Horsegate Farm

1688

No detrimental impact predicted.

Stavely House

2260

No detrimental impact predicted.

Brockhampton

2377

No detrimental impact predicted.
Modelling indicates no saline intrusion
and negligible mounding on the structure.

Chalk Aquifer

N/A

The structure will be left within the
ground and sealed reconfining the aquifer
Abstraction for the dewatering operation
requires further discussion with the EA.

Surrounding Ground, structures
and infrastructure

J14-468-016R-Rev2
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Low risk of ground settlement at the site.
Monitoring to be undertaken.
No settlement at proximal
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The main finding from the Hyder HIA and subsequent works undertaken is that no detrimental
impact is predicted at the majority of receptors. To confirm there is a negligible impact at the
WWII Bomb Decoy and East Marsh Farm pond, additional investigations are ongoing/have been
specified.
Without appropriate mitigation, East Halton Beck could be at risk of a reduction in baseflow and
baseline monitoring has been recommended to confirm flows within the Beck. The timescale for
the baseline monitoring will be agreed with the EA. The long term impact on the WFD objective
is considered low risk due to the duration of the dewatering and mitigation measures have been
considered to alleviate any reduction in baseflow.
Drawdown below historical groundwater levels outside the Pits is unlikely to occur and
subsequently settlement due to a reduction in pore water pressure is considered a low risk.
Pre-construction condition and level surveys will be undertaken on proximal structures and the
surrounding ground for future comparison. Mitigation measures have been considered to
alleviate settlement.
The abstraction of groundwater at the Drive Pit requires further discussions with the EA due to
the current water balance for the area. OGI’s subsequent simpler, radial modelling produced for
the sensitivity analysis (Chapter 4) has suggested a higher abstraction rate but lower drawdown
than calculated within the Hyder model.
With a retaining wall installed at the Reception Pit, the tidal flat deposits and the majority of the
granular glacial deposits will be cut off. The low permeability cohesive glacial deposits will
impede flow under the Pit minimising the radius of influence. Additional site investigation is
proposed to refine the geological model and confirm negligible drawdown at the nearest
abstractions.
2.4.2

Variable Conditions:

The hydrogeological assessment has led to the concept groundwater control design described in
Chapter 3. The concept groundwater control system has been designed to allow straightforward
modifications during the design and construction processes for any variable ground conditions
encountered. This minimises disruption to the project and significant redesign.
A sensitivity analysis (Chapter 4) has determined which parameters have the greatest effect on the
hydrogeological impact and allowed additional mitigation measures to be considered (Chapter 5).
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3 Concept Groundwater Control
3.1 Requirement for Groundwater Control
Excavating below the water table without proven, engineering controls introduces several risks to
the construction process.
Without appropriate mitigation, the hydrological pressures present can lead to ground failure
such as uplift or structural failure while submarine construction works can lead to health and
safety risks to personnel working on site.
To alleviate these risks, a groundwater control system is to be implemented until a sufficient
concrete base slab has been poured and cured to resist uplift pressures. Other alternative
systems, such as ground freezing, have been considered and deemed unfeasible.

3.2 Concept Groundwater Control Design
With the preliminary structural design and hydrogeology of the site documented and the
Hydrogeological Impact Assessment undertaken, a succinct understanding of the groundwater
control requirements can be obtained. The sensitivity of the site means that the groundwater
control design must fulfil two primary objectives:
1. Allow the safe construction of the Feeder 9 Replacement Pipeline.
2. Minimise the hydrogeological impact.
3.2.1

Drive Pit

The concept groundwater control design for the drive pit consists of the following:
- Impermeable Retaining Wall (expected to be a Secant Pile Wall) which cuts off the
highest permeability deposits.
- Pressure Relief Wells within the Drive Pit to prevent uplift.
- Active dewatering within the Drive Pit during excavation only.
- Inspection, Testing and Monitoring Plan to identify issues early on and implement
mitigation measures.
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The fulfilment of the two primary objectives using these methods is discussed below with the
installation sequence described in Section 3.2 and case studies of these methods described in
Section 3.3.

3.2.1.1 Allow the safe construction of the Feeder 9 Replacement Pipeline
The groundwater control concepts required to allow safe construction of the Feeder 9 pipeline
can be ascertained at this stage based on the hydrogeological understanding provided by the
Hyder HIA and existing literature. These concepts will minimise construction risks from the
groundwater and be designed so variable ground conditions do not require major design
modifications.
A large diameter impermeable wall is to be installed around the drive pit excavation to prevent
the lateral movement of the groundwater and the ground into the excavation. This wall will be
of sufficient depth and structural integrity to resist the high soil and piezometric pressures
exerted on the back of the wall with groundwater at a design level of ground level (higher than
observed during previous groundwater monitoring). The wall will also be of sufficient depth that
‘piping’ is not a risk under the toe of the wall.
With the cut-off wall installed, the only pathway for the groundwater is under the retaining wall
and upwards towards the excavation formation. Pressure relief wells are utilised within the drive
pit excavation to prevent ground failure and basal heave as excavation progresses to the final
formation level. During excavation works these wells are actively pumped to keep the water
level below the excavation formation until the base slab is poured and cured.
Ongoing inspection, testing and monitoring is undertaken to ensure the safe and swift
construction of the Pit.

3.2.1.2 Minimise the hydrogeological impact
With our current understanding of the hydrogeology, the proposed design will minimise any
hydrogeological impact outside the drive pit.
A groundwater recharge system is to be implemented that will allow the Main Works Contractor
to control the net abstraction rate for any ground conditions and to maintain a hydrological
barrier, with negligible drawdown exhibited at distance. Additional receptor specific mitigation
measures will be implemented as required to further ameliorate the impacts caused by the
groundwater control.

J14-468-016R-Rev2

Page 17 of 55

Feeder 9
Groundwater Control – HIA Addendum

OGI Groundwater Specialists Ltd

During excavation, the wells will be actively dewatered to prevent flooding of the formation and
produce stable, dry ground for machinery. To minimise the impact of the dewatering, the pumps
will be controlled so the groundwater level is never more than 1m below the excavation at any
time. Once at formation and the base slab cured, no further active dewatering will be used. This
commitment to ‘no active dewatering’ once the pit is established is included in the Construction
Environmental Management Plan (CEMP) and the tender contract.
The concrete base slab will be reinforced and tied in to the Secant Pile Wall to prevent uplift.
The slab will be designed to resist uplift pressures on the base equivalent to a groundwater level
within the Chalk at ground level (higher than all previous groundwater monitoring in the Drive Pit
area to date).
Ongoing inspection, testing and monitoring will allow proactive management of the groundwater
control system for the lifespan of the construction project with considered mitigation measures
implemented as required.
Further modifications to the system and focused investigation can be determined following the
selection of the contractor (Q1 2016) and finalisation of the structural design. With Drive Pit
construction expected to start in 2017, this allows sufficient time to further fine-tune the
groundwater control design, undertake supplementary monitoring/testing and apply for
abstraction and recharge licenses without delaying the project.
3.2.2

Reception Pit

The concept groundwater control design for the Reception Pit consists of the same concepts as
the Drive Pit:
- Impermeable retaining wall which cuts off horizontal flow into the excavation.
- Pressure Relief Wells to alleviate piezometric pressures on the base.
- Active dewatering during excavation only.
- Inspection, Testing and Monitoring Plan to identify issues early on and implement
mitigation measures.
As with the Drive Pit, the implementation of the groundwater control concepts above is essential
to allow the safe construction of the Reception Pit. These concepts can be fine-tuned to
minimise the hydrogeological impact.
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Tunnel

The method of tunnelling chosen by the main works contractor is to use a closed system to
prevent groundwater ingress during the tunnelling operation. As the tunnel progresses it is lined
with pre-cast concrete rings and grouted into the geology, so that groundwater is excluded.
The lining specification stipulates the leakage class for the tunnel as Class 3. This is defined as
occasional damp patches on the tunnel lining but no drops of water. The allowable daily leakage
rate is 0.1 litres/m2
Further explanation of the potential Tunnel Boring Machine’s (TBM) that may be used can be
found in Appendix A.

3.3 Construction and Groundwater Control Sequence
The construction and installation of the Groundwater Control system is described in the sequence
below with a similar system likely to be utilised at the Reception Pit.
Prior to any works beginning the inspection, testing and monitoring plan (which will be agreed in
conjunction with the EA) is implemented and baseline data gathered. All required licensing will
be confirmed and in place to begin the works. Additional licenses and permissions, such as for
recharge, can be proactively obtained in case needed to prevent project delays.
With the site set-up, the first stage of the groundwater control system installation can begin; the
installation of the retaining walls (anticipated early 2017).
The installation of the secant pile wall (currently proposed wall) is standard practice and initially
requires the construction of alternative concrete piles (primary unreinforced piles). Reinforced
concrete secondary piles are then installed in-between the primary piles, intersected the piles,
producing an impermeable wall.
Figure 1 below shows a piling rig beginning to install a secant pile wall.
Figure 2 shows the process of installing primary piles first, followed by secondary reinforced
piles.
Figure 3 shows the primary and secondary (with reinforcement sticking out) piles prior to
excavation.
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With the retaining wall installed, the internal wells can be drilled and installed along with any
specified monitoring wells outside the structure.
The well will be designed with specialised water screen, which filters the groundwater and is of
sufficient strength to extend several metres up from the ground as excavation progresses (as can
be seen in Figure 9).
Figure 4 shows a rotary rig installing a well (the drilling depth of the well and the geology
indicate a rotary rig will be used).
Figure 5 shows a sample installation for a dewatering well.

Figure 4 Rotary Drilling Rig
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Figure 6 Suction System running prior to construction to monitor drawdown

With the wells installed and appropriately cleaned. Borehole pumps can be installed in the wells.
These pumps will be throttled back for the initial works, to ensure drawdown is not excessively
below the current excavation depth. The groundwater will be pumped to an inspection tank to
allow inspection along with any testing as per the ITM Plan. Groundwater will then flow via
gravity to the agreed discharge or recharge locations as per the discharge and abstraction
licenses.
Figure 7 shows a selection of submersible borehole pumps similar to what will be installed within
the wells.
Figure 8 shows discharge of groundwater to a stream with scour protection in place to prevent
erosion.
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Figure 7 Selection of submersible Borehole Pumps

Figure 8 Discharge to stream with scour protection implemented

As active dewatering continues, excavation can begin within the Drive Pit. The active dewatering
is timed in conjunction with excavation to keep the groundwater level just below the excavation
formation and prevent unnecessary over-abstraction.
Figure 9 demonstrates active dewatering and excavation within a Secant Pile Wall Pit.
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Figure 9 Active Dewatering and construction within a Secant Pile Wall

When at formation, dewatering will continue until the concrete base has been poured and cured.
With the structure of sufficient strength to resist uplift, the system is sealed reconfining the
aquifer. The wells can then be decommissioned as per EA guidance.
This allows the groundwater to recover to its natural level, with monitoring continued for the
duration of the rest of the works.
At this stage the tunnelling operation can commence. At launch the TBM will pass through a fitfor-purpose concrete tunnel eye and synthetic launch seal. The launch seal would prevent
pressurised slurry loss back into the Drive Pit and prevent groundwater ingress along the annular
space between the TBM shield and excavated surface. If required, grouting can be undertaken
outside the eyes to further mitigate any loss of ground or inundation into the excavation.
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3.4 Case Studies
3.4.1

Groundwater Control within a retaining wall to minimise external impact

G1 Building, Glasgow
This type of groundwater control operation was designed by OGI for the new G1 building in
George Square within the historic centre of Glasgow. The G1 building was originally the old Post
Office, with the new owner requiring 8m of additional space below ground level.

Figure 10 G1 building in Glasgow

A 32m x 55m secant pile wall was installed around the new basement to provide structural
stability and to cut off the high groundwater level. The secant pile wall was installed through
fine to medium Sand into underlying finer lower permeability Sands and Sandstone.
Internal dewatering was required to provide a safe and stable excavation inside the structure
and to prevent basal heave of the ground and structural slab. However it was vital that external
drawdown was kept to a minimum, as excessive drawdown could lead to settlement of adjacent
structures. The dewatering system could not remove any ground fines that could also result in
settlement.
The specification of internal dewatering resulted in the modelled simulation of a minor drawdown
impact outside the retaining wall. This was considered acceptable in comparison with the larger
drawdown that took place in low rainfall conditions as well as being less than the tidal range
response from the River Clyde.
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To confirm the modelling results, groundwater levels were monitored as per the ITM Plan outside
the building footprint. The water table observed in external piezometers confirmed a small
external impact on the water table, and no measurable settlement.

Figure 11 Internal dewatering within the G1 Excavation

Lancaster Bus Station
A 15m deep, 18.5m diameter shaft was constructed in the centre of historic Lancaster into
interbedded and anisotropic Sandstones and Mudstones.
An impermeable secant pile wall was constructed to a depth of 12m, with additional grouting to
extend the impermeable curtain to 17m bgl. This wall was designed to cut off the permeable
superficial deposits and the horizontal Sandstone beds

Figure 12 Lancaster Bus Station Conceptual Model
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OGI designed an internal pressure relief system to remove groundwater from within the secant
pile wall in order to minimise the extent of drawdown outside the shaft. This was for the
purpose of mitigating settlement of surrounding historic structures.
OGI developed a groundwater model to simulate the flow lines and equipotential contours in the
fractured rock surrounding the shaft which demonstrated that the drawdown at 40m from the
shaft was small and considered to be within the seasonal range of water table.

Figure 13 Modelling of drawdown outside the structure

No measurable settlements occurred outside the structure.
Strongford WwTW Pumping Station
The pumping station at Strongford WwTW, Staffordshire, was constructed using a secant pile
wall to cut off the upper Sand aquifer. The pumping station was constructed within a 9.8m by
16.65m retaining wall to approximately 6m below ground level
To ensure the ground within the excavation was safe and stable, OGI designed an internal
dewatering system as depicted below.

Figures 14 and 15 Internal dewatering within a Secant Pile Wall
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The abstracted groundwater was crystal clear and suitable for disposal.

Figures 16 and 17 Production of silt-free groundwater during dewatering operations

CTRL 320 Thames Tunnel, London
The CTRL 320 Thames tunnel involved the construction of a twin 2.5km, 7.15m diameter tunnel
beneath the Thames with dewatering required for the approach structures which were 400m x
28m in plan and up to 18m below ground level.
The geology of the site included alluvial deposits overlying river terrace gravels (hydrogeological
parameters equivalent to the Chalk Bearings) which in turn overlaid Chalk. The Chalk
permeability was in the region of 2x10-4m/s while the River Terrace deposits have a permeability
in the region of 3x10-3m/s.
A retaining wall was installed surrounding the approach structure to cut off the river terrace
gravels and dewatering wells were installed within the structure to reduce the water table below
the formation level.
3.4.2

Implementation of ITM Plan

The most important system to minimise the likelihood and severity of any hydrogeological
impacts is continued inspection, testing and monitoring as per the ITM Plan.
An example of the successful implementation of an ITM Plan on an OGI project can be seen in
Appendix B.
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Tunnelling

The methods of tunnelling that are proposed within this document have been used multiple times
for major tunnelling operations in the UK and globally.
Slurry TBM machines have been used in similar ground conditions to site (through highly
permeable Chalk) for high-profile tunnelling schemes such as the Crossrail Thames Tunnel and
for sections of High Speed One.
Earth Pressure Balance machines are less commonly used in the Chalk in London as the
cuttinghead’s can be damaged by Chalks with a high flint content. The EPB machines are
regularly used in Sands/Gravels and soft bedrock, resisting face pressures of up to 700kPa.
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4 Sensitivity Analysis
4.1 Hydrological Modelling
4.1.1

Previous Modelling

To assess the hydrogeological impact of the concept groundwater control system, various
groundwater models have been developed.
Hyder have produced a number of cross sectional models both parallel to the proposed tunnel
and perpendicular to the tunnel, as discussed in Chapter 2, for the Hydrogeological Impact
Assessment. These models have been calibrated against the tidal response and provide
drawdown and abstraction values for various groundwater control designs (for different retaining
wall depths).
With deeper retaining walls the external drawdown and abstraction rate are reduced as the
groundwater flow into the excavation is impeded. The model provides a sensitivity analysis of
the retaining wall depth.
4.1.2

Radial Cross Section Model

Complimentary to the Hyder modelling, OGI has developed its own simpler radial model of the
Drive Pit (using Geostudio’s SEEP/W) to undertake a sensitivity analysis of the hydrogeological
parameters and determine which parameters are critical in relation to the hydrogeological impact,
and to the design of the groundwater control system.
The current Drive Pit design comprises a 15m deep excavation, 80m long and 9.6m wide.
Despite the lowering of the water table being over the rectangular shape of the Drive Pit, outside
the Pit the groundwater flow to the excavation is effectively radial.
To model the hydrogeological impact of the groundwater control, a cross-section radial model
has been developed, with the circumference of the equivalent modelled structure being equal to
the perimeter of the rectangular drive pit.
The conceptual model used for our radial SEEP/W model is illustrated in Drawing Ref:
J14-468-016D-Rev1 which represents the groundwater control system during the later stages of
excavation when the formation level has been reached and the base slab is curing.
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Aquifer Parameters

Based on the Capita site investigation and Hyder modelling, we have used the following
parameters representing the aquifer conditions:
TABLE 4: Aquifer parameters for base model

Thickness

Permeability

9.61m
Superficial Deposits

k = 2.0 x 10-7 m/s

(Based on Structural Drawings

(Same as Hyder Model)

and L01 BH Log)

Chalk Bearings

4m

k = 6.5 x 10-3 m/s

(Same as Hyder model)

(Same as Hyder Model)
kh = 5.2 x 10-5 m/s

Fractured Chalk

(Same as Hyder Model)

40m
(Same as Hyder model)

kv = 5.2 x 10-6 m/s
(Lower anisotropy ratio than
the Hyder model)

Lower Permeability Chalk

Top of Chalk is base of radial
model

N/A

The used kh/kv ratio of 10 is lower than the anisotropy ratio selected by Hyder. The anisotropy
ratio has an impact on the hydrogeological impact and as such this lower ratio has been selected
to provide more conservative results and subsequently a more conservative and safe
groundwater control design. With sub-horizontal fractures potentially contributing nearly all the
aquifer permeability the anisotropy ratio could be significantly higher.
4.1.4

Boundary Conditions

For the radial model, a fixed head boundary has been set at 500m distance from the shaft in all
directions as shown in the conceptual model.
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This fixed head has been set at a level of +2.33mOD assuming a conservative piezometric level
at ground level.
The fixed head boundary is more proximal to the Drive Pit than the Hyder model and the
distance to the estuary. This along with the conservative piezometric level selected will provide
more conservative flow rates than the Hyder model but less conservative drawdown estimations.
A fixed head has also been set at the base of the excavation at a level of -13.613mOD (the
excavation formation level).
4.1.5

Base Model Results

Using the above parameters, results in a simulated flow net of equipotential lines and flow paths
as depicted in Drawing J14-468-022D-Rev0.
Drawdown at 100m from the excavation is calculated as 0.13m. This drawdown is less than
Hyder’s model due to the radial nature of the model (the cross sectional model produced by
Hyder is more conservative) and the distance to the boundary condition. With these conditions,
a negligible impact is observed at all the groundwater receptor due to drawdown.
The resulting calculated flow to the excavation is approximately 1500m3/day, approximately 20
times higher than the flow rate calculated in Hyder’s cross sectional model.
There are a number of reasons for the discrepancy between the two values.


Variation in Aquifer Parameters and Boundary Conditions



Variation in Model Type – Cross Sectional Vs. Radial



Variation in Pit Excavation Formation Area



Variation in Mesh Size



Additional Modelling of Pressure Relief Wells in OGI Radial Model

All the above variations implemented in the OGI model, individually increase the flow rate. This
collectively has resulted in the higher groundwater flow calculated by OGI. Each point is
discussed in more detail below.
Within the OGI radial model, a conservative anisotropy ratio (kh/kv) of 10 has been selected
compared to a ratio of 20 used in the Hyder model. This halving of the anisotropy ratio has a
significant effect on the impact and almost doubles the abstraction rate.
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The fixed head boundary condition at the edge of the OGI radial model is more conservatively
specified with a piezometric head equal to ground level. This leads to an increased abstraction
rate, which is amplified by the boundary condition being closer.
Hyder’s model was developed primarily as a conservative way of assessing drawdown at sensitive
water features. The cross sectional model is conservative in this regard but radial flow into the
excavation is not considered so underestimates the overall abstraction rate when compared with
the OGI radial model.
The OGI model has been designed so the perimeter of the structure equals the circumference.
This is modelled to better calculate drawdown and flow outside the structure but results in a
larger excavation area. This larger area results in a higher abstraction rate being calculated.
Due to the size of the Hyder model, a larger mesh had to be used to allow the model to run.
With the simpler and smaller OGI model, a finer mesh can be implemented which better defines
flows and flow paths.
With the smaller model, OGI is able to model the ground immediately below the excavation
formation with a higher permeability geology (representing pressure relief wells). This increases
the flow that enters the excavation.

4.2 Sensitivity Analysis
The aquifer parameters selected are the best estimates based on the available information,
scientific literature and the Hyder modelling. To assess the impact of each parameter, the
mathematical model is used to assess the sensitivity of each and potential worst case scenarios.
Two main impacts are considered during the sensitivity analysis
i) Total flow into the Drive Pit
ii) Drawdown expected at 100m from the excavation.
The three main parameters that we consider to be key in impacting i) and ii) above are as
follows:
a) Permeability of the Chalk Bearings
b) Permeability of the Fractured Chalk
c) Anisotropy of the Fractured Chalk
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Sensitivity Analysis - Permeability of the Fractured Chalk

With all other parameters as per the base model, three further models were run with fractured
Chalk permeability values as below (the kh/kv ratio for all models is set as 10):


k = 5.2 x 10-4 m/s



k = 5.2 x 10-5 m/s (Base Model)



k = 5.2 x 10-6 m/s

The SEEP Models are shown in Appendix C.
The flow and drawdown simulated for a range of permeabilities are presented in the graphs
below:

Figure 20 Fractured Chalk Permeability vs Flow.

The permeability of the fractured Chalk has an impact on the required abstraction rate. An
abstraction rate of 1514 m3/d (18 litres/sec) was calculated with the base model (kh=5.2 x 10-5
m/s). With a fractured Chalk permeability 10 times greater (kh=5.2 x 10-4 m/s), an abstraction
rate of 14456 m3/d (167 litres/sec) is calculated; while a fractured Chalk permeability 10 times
smaller (kh=5.2 x 10-6 m/s) has a calculated abstraction of 153 m3/d (2.0 litres/sec). This results
in an almost linear correlation between the flow and the fractured Chalk permeability under these
ground conditions.
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Figure 21 Fractured Chalk Permeability vs Drawdown.

As can be seen in the drawdown graph above, a reduction in the permeability of the fractured
Chalk results in a calculated reduction in the drawdown at 100m. The reduction in drawdown
can be attributed to the Chalk Bearings having a greater permeability relative to the fractured
Chalk. When the Chalk Bearings permeability changes by the same magnitude as the fractured
Chalk permeability, a minimal change in the drawdown occurs.
4.2.3

Sensitivity Analysis - Anisotropy of the Fractured Chalk

With all other parameters as per the base model, three models were run with varying anisotropy
ratios of the fractured Chalk as below, i.e. horizontal permeability kept constant and vertical
permeability altered):


kh/kv = 1 (Isotropic)



kh/kv = 10 (Base Model)



kh/kv = 20 (Hyder ratio)

The SEEP Models are shown in Appendix C.
The flows and drawdown simulated for a range of anisotropies are presented in the graphs
below:
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Figure 22 Fractured Chalk Anisotropy Ratio vs Flow.

Figure 23 Fractured Chalk Anisotropy Ratio vs Drawdown.

The anisotropy of the fractured Chalk has an impact on the abstraction rate and drawdown at
distance as can be seen in the graphs above. With a higher anisotropy ratio, i.e. lower vertical
permeability, there is a greater hydraulic resistance to the groundwater flow on its path beneath
the retaining wall on route to the excavation formation. This results in a reduction in the
required abstraction rate within the excavation and a smaller external drawdown.
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Scientific literature on the Chalk aquifer, as discussed in Chapter 2, indicates that fracturing is the
dominant factor in the Chalk transmissivity and these fractures are predominantly parallel to the
bedding planes. This indicates a higher horizontal than vertical permeability (anisotropic).
4.2.4

Sensitivity Analysis - Major Fracturing at Depth below the Toe of the Wall

An additional model was undertaken to determine the effect of major fracturing of the Chalk at
depth (below the toe of the Secant Pile Wall). A high permeability band (100 times higher) was
modelled between -30mOD and -35mOD. This model showed a 25% increase in flow compared
to the base model but a negligible impact on the drawdown (less drawdown than the base
model).

4.3 Sensitive Parameters
The sensitivity analysis demonstrates which parameters are dominant in affecting the external
drawdown and flow into the excavation. If mitigation measures are not implemented, these
parameters can increase the hydrogeological impact.
From the mathematical modelling, is demonstrated that the external drawdown is dominated by
(i) The anisotropy of fractured Chalk (the greater the kh/kv value the smaller the drawdown)
(ii) The permeability of the Chalk Bearings (the larger the Chalk Bearings permeability compared
to the underlying fractured Chalk, the smaller the drawdown).
An additional ‘worst case scenario’ model was run with no Chalk Bearings and an isotropic
fractured Chalk, which calculated a drawdown of 4.75m at 100m distance from the Drive Pit. In
the very unlikely event that these ground conditions are encountered on site (no evidence has
suggested this is the case), the recharge system will still be viable and can mitigate this impact
resulting in negligible drawdown at 100m distance.
With the construction of a Drive Pit within a concrete secant pile wall, the groundwater flow into
the Pit is dominated by the permeability of the fractured Chalk with very little effect from the
permeability of the Chalk Bearings. The horizontal permeability, vertical permeability and
anisotropy ratio of the fractured Chalk all have an impact on the abstraction rate, with the
vertical permeability being the most dominant parameter. This abstraction rate does not
necessarily correspond to an increased drawdown, due to the Chalk Bearings, so limiting the
hydrogeological impact.
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5 Mini Pumping Tests
Mini pumping tests were undertaken between 24th August 2015 and 3rd September 2015 to
verify the hydrogeological parameters used for the previous Hyder and OGI models and allow
fine tuning of the groundwater control design and mitigation measures.
The mini pumping tests were undertaken to establish transmissivity values for the fractured
Chalk at various depths below ground level. The measurements and analyses have been
documented in OGI’s Mini Pumping Tests Factual and Interpretive Report, Ref. J14-469-022RRev0. The permeability of the ground can be estimated from these values by dividing the
transmissivity by the effective saturated thickness. As the wells are partially penetrating,
engineering judgement of the various effective saturated thicknesses have been selected which
correspond to the lengths of the well response zones, plus a distance of 2.5m at the top and
bottom of the screen.
The transmissivities obtained from the tests indicate that the permeability of the ground is in the
region of the parameters used within the original base models. Permeability values were
obtained between 4.2 x 10-5m/s and 3.1 x 10-4m/s. It should be noted that the response zone in
L04, where the highest transmissivities were obtained, was partially within the higher
permeability weathered Chalk zone. Figures 24 and 25 indicate the likely potential flow and
drawdown values (in the red circles), if the Fractured Chalk has the permeabilities indicated by
the L06 pumping test (considered the most reliable test and indicator of the fractured Chalk
permeability), without recharge or additional mitigation measures implemented.
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The tidal response of the piezometric head in terms of magnitude and time lag as measured by
the vibrating wire piezometers (such as L03) indicates an even greater anisotropic than used in
OGI’s model. This means that the flow to the excavation would be lower than predicted.
Furthermore, analysis of the drawdown response in L06 demonstrated a very low value of aquifer
leakage which provides more evidence of a low vertical permeability.
In summary, the mini-pumping tests verified the adequacy of the combination of internal
pumping from wells within a secant pile wall, combined with external groundwater recharge to
mitigate the impact of pumping on the surrounding aquifer.
To ensure that the contractor appropriately designs the required number and depth of internal
and external wells, a further pumping test is recommended by the Main Works Contractor once
the final structural design has been confirmed. This test will include pumping of groundwater
within a response zone in the Chalk below the toe level of the Main Works Contractors designed
secant pile wall and groundwater measurements at varying levels within the Chalk and
weathered Chalk. A specimen pumping test has been included in Appendix D which can be
undertaken by the Main Works Contractor to determine the horizontal permeability and the
anisotropy value at varying depths, once the final drive pit design is confirmed.
The mini pumping tests did not conclusively determine the transmissivity of the Chalk Bearings.
However, OGI’s sensitivity analysis has determined that variation in the permeability of the Chalk
Bearings (because it is cut-off) has a minimal impact on the required groundwater abstraction
rate. If a higher permeability than expected is encountered in the Chalk the external drawdown
is reduced, while a lower permeability encountered results in an increased drawdown at distance.
In the worst case conditions, where the Chalk Bearings are very low permeability (putty Chalk) or
nonexistent, the recharge system now being proposed will prevent drawdown at distance. Under
these conditions the appropriate number, depth and diameter of recharge wells can be designed
by the Main Works Contractor following their further pumping tests.
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6 Variable Ground Conditions and Mitigation Measures
If engineering controls and mitigation measures are not implemented, extreme variable ground
conditions identified within the sensitivity analysis could potentially lead to increased drawdown
outside the structures and an increased abstraction rate.
However, if these variable conditions are encountered additional mitigation measures can be
swiftly implemented to prevent an increased hydrogeological impact. These measures can be all
encompassing measures (such as the recharge system) with additional receptor specific
measures implemented to further reduce risk, if required (e.g. discharge to drainage ditches
which feed the Beck).
Due to the residual hydrogeological risks, recharge wells will be installed to limit the extent of
drawdown with distance and reduce the overall net loss of groundwater from the aquifer
regardless of the ground conditions encountered during further testing and construction works.
By using the recharge system, which can be implemented for a full range of ground conditions,
the Main Works Contractor will be able to control the net abstraction rate from the aquifer and
the drawdown at distance.
The wells will be designed and tested prior to the dewatering operation to ensure that the
quantities produced by the dewatering operation in the final drive pit design can be sufficiently
recharged into the aquifer with modifications to the well design made as appropriate. Simple
design modifications to the number, depth and diameter of wells will allow much higher or lower
flows to be recharged into the aquifer to maintain the water table at distance and minimise the
net groundwater loss.
No evidence has indicated that the geology at the location of either the Drive or Reception Pits
will be close to the permeabilities that would make recharge non-viable. If transmissivites are
much lower than currently predicted, the radius of influence of the groundwater control operation
will shrink. This will result in negligible hydrogeological impacts at distance, together with a
much reduced abstraction rate.
An inspection, testing and monitoring plan will be implemented to ensure that the groundwater
reintroduced into the aquifer is not contaminated, with a maintenance system in place to ensure
that recharge wells do not become clogged and allow the groundwater to soak away.
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6.1 Increased Drawdown outside the structure
As demonstrated by the sensitivity analysis, the external drawdown outside the Drive Pit is
dominated by the anisotropy of the fractured Chalk and the permeability of the Chalk Bearings
(in relation to the permeability of the fractured Chalk). Only with the kh/kv ratio close to isotropic
and with the Chalk Bearings absent at the location of the Drive Pit will a significant increased
drawdown potentially be observed which could impact the receptors within the area.
With increased drawdown, the potential hydrogeological impacts increase. These can broadly be
described in three broad categories as discussed in the HIA:


Derogation of existing abstractors;



Environmental impacts on water bodies and wetlands; and



Settlement/desiccation.

However, practical engineering and logistical mitigation measures will be implemented to prevent
any hydrogeological impacts associated with these categories and are described in more detail
below.
6.1.1

Derogation of existing abstractors

At the Drive Pit, the closest abstractions at risk from derogation are at 306m, 568m and 778m
distance (see Chapter 10 in the HIA). At this distance, all modelling undertaken to date
suggests there will be negligible impact on existing abstractors, even with no additional
mitigation measures implemented. For derogation to occur, the groundwater must be reduced
below the current pump intake, which is likely to be at least several metres below ground level.
This is to be confirmed with license holders prior to dewatering operations.
Recharge wells will be installed within the site boundaries of the project to ensure that the water
table at distance from the Drive Pit will remain close to the ambient groundwater level. An
agreed allowable drawdown at a distance from the Drive Pit will be agreed with the EA and
incorporated into the dewatering/abstraction/recharge consents and licenses.
Ongoing monitoring of groundwater levels will ensure that if the drawdown at the nearest
abstraction is greater than a specified value, active dewatering will temporarily cease and
additional mitigation measures are implemented or an agreement is reached with the abstraction
holder (e.g. temporary provision of potable water). Consultations with existing abstractors will

J14-468-016R-Rev2

Page 45 of 55

Feeder 9
Groundwater Control – HIA Addendum

OGI Groundwater Specialists Ltd

continue throughout the design and construction process to ensure that abstraction requirements
are met.
Provision of abstracted/potable water to license holders (or other non-abstraction agreements)
may be apt regardless of derogation, to reduce the impact on the regional water balance from
the additional abstraction at the Drive Pit site.
6.1.2

Environmental impacts on water bodies and wetlands

Drawdown outside the Drive Pit can lead to an alteration of hydrological gradients impacting the
aquifer by inducing contamination or impact on surface water bodies/habitats from a reduction in
the groundwater level or baseflow to the bodies.

6.1.2.1 Contaminant Mobilisation
Without appropriate site investigation and mitigation measures, mobilisation of contaminants at
features proximal to the structures or inland advancement of the saline interface is the main
environmental risks to the aquifer.
Two potential point sources of contamination have been observed proximal to the Drive Pit; a
WWII bomb decoy site at 334m distance and Fir Tree Farm slurry pits at 366m distance.
The main potential contaminant from the WWII bomb decoy site is fuel hydrocarbons that may
have leaked from fuel storage tanks underground which may or may not exist. An intrusive
investigation has been recommended to confirm if the underground fuel storage tanks exist. If
present, mitigation in the form of additional recharge can be considered.
The main potential contaminants from the Fir Tree Farm slurry pits are microbiological
parameters, nutrients and effluent with a high chemical oxygen demand. Subsequent
consultation with the farm owner has indicated an impermeable clay lining preventing
groundwater contamination. The construction details of the slurry pit will be confirmed during
the next site visit and monitoring undertaken during groundwater control will confirm no
contamination. In the unlikely event that monitoring during dewatering indicates contamination,
abstraction will cease, while the source of the contamination is determined.
With drawdown at distance from the shaft calculated as minimal in the base model, movement of
the saline interface is anticipated to be negligible. This is due to the relatively short duration of
the works and a negligible alteration of the hydraulic gradient, with main regional groundwater
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flow still towards the estuary. With groundwater control systems implemented, Hyder has
analysed contaminant transport and found that no irreversible saline intrusion occurs on the
Goxhill side.
The construction works will be undertaken during the winter/spring months when groundwater
levels are higher. This will help ensure that the hydrological gradients and flows to the estuary
are at their greatest so minimising the risk of saline intrusion. To ensure gradients are
maintained towards the estuary, continued monitoring and sampling will take place. If there is
any indication of the reversal of the gradients additional groundwater recharge will be
implemented.
Recharge wells will be installed within the site boundaries around the Drive Pit. These wells will
act as a hydrological barrier which will prevent drawdown at distance and subsequently prevent
saline intrusion. The sensitivity analysis has indicated that drawdown is greatest when the Chalk
Bearings are low permeability and the fractured Chalk is isotropic. In these unlikely ground
conditions, recharge wells are still required but additional, deeper and wider wells would be more
suitable to allow the groundwater to soakaway. Once the Drive Pit design is finalised, but prior
to dewatering, pumping tests are to be undertaken by the Main Works Contractor to confirm the
recharge well design and to ensure that the wells installed are sufficient to recharge the aquifer
and not cause localised flooding around the well. Additional recharge wells can be installed with
minimal disruption to the construction programme, if the ground conditions encountered during
construction are different to those currently anticipated.

6.1.2.2 Reduction in groundwater level or baseflow to water bodies and wetlands
Without appropriate groundwater control and management, an increase in drawdown at distance
could potentially lead to a reduction in piezometric levels and baseflow at sensitive water
features and bodies. Without mitigation measures, this could lead to a derogation of habitats
and amenities and results in water bodies failing to meet there water framework directive
objectives.
East Halton Beck lies at approximately 764m distance from the Drive Pit. The Hyder HIA states
that there is the potential for an order of magnitude reduction of baseflow to the East Halton
Beck for the duration of the groundwater control operation.
However, the short duration of the groundwater control operation is unlikely to effect the long
term Water Framework objective of East Halton Beck achieving a good ecological potential by
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2027 (with catchment sensitive farming and a reduction in large consumptive abstractions better
improving the ecological potential).
A baseline water quality monitoring programme is proposed to better establish the current status
of East Halton Beck (and other water bodies within the region). If a reduction in baseflow is
noted during further pumping tests (undertaken by the Main Works Contractor), groundwater can
be discharged into the onsite drainage ditches which feed the East Halton Beck.
East Halton Saltmarsh (part of the Humber Estuary SSSI) and East Marsh Farm both lie
approximately 1km from the Drive Pit and are also potential receptors susceptible to drawdown.
The proximity of East Halton Saltmarsh to the estuary suggests the Humber will have a more
dominant control on the Saltmarsh hydrology and as such an impact is very unlikely. The site
will be monitored regularly to confirm no impact as part of the ITM Plan. If an impact is
observed, groundwater control will temporarily cease and additional mitigation measures will be
implemented (e.g. additional recharge).
An impact on the pond at East Marsh Farm is dependent on whether the pond is fed by
groundwater and the permeability of the pond lining. The elevation and depth (1.5m deep) of
the pond indicates a hydrological connection to the aquifer is unlikely, as the Superficial Deposits
are predominantly cohesive (clays of low permeability) in nature. This verification is proposed
during the next water features survey. If groundwater fed, potable water can be supplied to the
farm to allow recharge of the system.
As previously discussed, the proposed recharge system will mitigate the potential of any
reduction in baseflow at the proximal surface water bodies by maintaining the water table
outside of the site at the ambient level, which will prevent the alteration of hydrological gradients
and flows.
6.1.3

Settlement/Desiccation

Incorrect design of wells accounts for the majority of settlements observed during dewatering
operations. The dewatering wells will be appropriately designed in relation to the geology to
ensure no fines are abstracted during the dewatering operation.
Settlement monitoring pins will be installed across the site, on proximal structures and on the
flood walls during the design process to assess background settlements, settlements during
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additional testing and during the main groundwater control operation. Settlement measurements
will be taken regularly in accordance with the ITM Plan.
Settlements are unlikely to occur unless groundwater levels fall below their historical low value.
From available data, groundwater drawdown would have to be greater than 2m to reach those
low levels (droughts in the early 1990’s) and potentially cause settlement. If excessive
settlement due to a reduction in pore water pressure is evident during pumping tests, additional
recharge wells can be implemented for the main construction works.
The implementation of recharge wells will ensure that drawdown due to dewatering will not
exceed the levels experienced during the 1990’s drought. This ensures that settlement due to
dewatering is a very small risk.

6.2 Increased abstraction rate
The groundwater flow into the Drive Pit, and subsequently the abstraction rate, is dominated by
the permeability and anisotropy of the fractured Chalk.
The regional water balance is a key issue at the Drive Pit and ongoing discussions are required
with the Environment Agency regarding the groundwater control abstraction and recharge
throughout the design and construction periods.
Recharge of the abstracted groundwater back into the aquifer around the Drive Pit will be
implemented to minimise, as practicably as possible, the net groundwater loss from the aquifer.
This allows the net groundwater abstraction rate to remain the same regardless of the values of
permeability.
Recharge systems can be designed for significantly higher or lower volumes than are currently
expected, during the dewatering operation, in the event that the fractured Chalk is more
permeable or isotropic beneath the Drive Pit. The largest artificial recharge system in the UK
(the North London Artificial Recharge Scheme) recharges the Chalk aquifer below London using
31 wells at a rate of between 35 and 40 million litres per day (35,000 – 40,000m3/day)
The main works contractor will undertake recharge testing, once the final drive pit design is
confirmed, to allow refinement of the recharge system well design, and to ensure that the
volumes they expect to abstract can be appropriately recharged into the aquifer.
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National Grid and OGI will continue to work with the tendering contractors to ensure proposed
designs sufficiently address and minimise the hydrogeological impact from any groundwater
control works and contingencies are in place for all the variable ground conditions that can be
experienced at the site, as discussed in this report.
While this is ongoing National Grid and OGI will continue to work with the EA to provide
additional evidence and confidence in the groundwater control system and the proposed
mitigation measures (including the recharge system to be implemented).
With the contract awarded in the first quarter of 2016, work can progress in conjunction with the
main works contractor on finalising the structural design following value engineering and early
implementation of the inspection, testing and monitoring programme agreed with the EA.
At this stage, discussions can progress between the Main Works Contractor and the Environment
Agency on licensing, and the best approach going forward due to the sensitivity of the area. This
will commence several months prior to the groundwater control operation, providing sufficient
time for discussions, modifications and licensing.
With the structural design finalised, focused testing and modelling can be undertaken to validate
the hydrogeological parameters and refine the expected abstraction and recharge rates.
A specimen pumping test regime has been provided in Appendix D to be undertaken, as a
minimum, by the Main Works Contractor. This test can be adapted to the Main Works
Contractor’s final Drive Pit design, with analysis of the results allowing:


Further verification of the hydrogeological parameters at the Drive Pit location (including
the anisotropy of the ground)



Determination of the abstraction and recharge rates (for licensing/consents) that will be
observed for their final drive pit design



Design modifications and implementation of the groundwater control design, pumping
wells and recharge wells.

Once all appropriate information is collated, the design can then be confirmed and signed off by
all relevant parties and the Inspection Testing and Monitoring (ITM) Plan implemented in full. If
focused testing results in divergent conditions, sufficient time is available to review and refine the
groundwater control design.
With the design finalised and licensing agreed, construction operations can commence on the
project. Groundwater control operations are anticipated to start in early 2017, with further
inspection, testing and monitoring undertaken for the duration of the works.
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8 Conclusions
The Hyder HIA is a comprehensive collation of the available investigations, tests and literature for
the project site and region. OGI has reviewed and built upon the findings of the Hyder HIA and
the proposed groundwater control, augmenting this report with our practical and technical
engineering expertise in groundwater control design.
From the available information, OGI has been able to develop a groundwater control concept
design for the Drive Pit and Reception Pit which can be refined for variable ground conditions
without a major redesign being required. The concepts proposed have been used by OGI
previously to safely construct similar size structures in difficult hydrogeological conditions.
The tunnel is to be constructed using an appropriate method, such as a Slurry TBM or Earth
Pressure Balance TBM, which minimises groundwater ingress and as such has minimal
hydrological impact.
A sensitivity analysis has been undertaken that establishes which parameters could influence a
hydrogeological impact, if ground conditions are different to our current understanding. At the
Drive Pit, groundwater flow is dominated by the permeability of the fractured Chalk (horizontal
permeability, vertical permeability and anisotropic ratio), while drawdown is dominated by the
anisotropic ratio of the fractured Chalk and the permeability variation between the Chalk Bearings
and fractured Chalk.
The results of the mini pumping tests have indicated that the parameters used within the original
Hyder and OGI models were reasonable and representative of the likely ground conditions that
will be experienced during the Main Construction Works. However, in the event of variable
ground conditions being encountered during further testing or during the construction works,
practical engineering and logistical mitigation measures have been considered that can be
implemented without changing the main concept designs or affecting the project programme.
A recharge system is to be implemented, regardless of further results, to reduce the residual
risks to receptors in the region. This system can be implemented for a wide range of ground
conditions, and allows the Main Works Contractor to more accurately control the abstraction rate
and drawdown if variable ground conditions are experienced.
A Main Works Contractor will be chosen in early 2016 and the finalisation of the structural design
will occur, allowing further testing and fine-tuning of the groundwater control design. With
groundwater control works expected to commence in early 2017, there is sufficient time to
modify the groundwater control design and implement additional mitigation measures if required.
Ongoing discussions can be undertaken with the Environment Agency on the best approach to
abstraction and recharge at the Drive Pit.
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ATTACHED DRAWINGS

Sensitivity Analysis Conceptual Model – J14-468-016D-Rev1
Sensitivity Analysis Base Analysis Results – J14-468-022D-Rev0
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APPENDIX A:
Additional Queries Raised
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Queries:
Is water used during the drilling process? If so, approximately how much and at what stage?
What type of TBM is to be used and how does it deal with drilling through artesian groundwater?
How will any groundwater ingress into the tunnel during tunnelling be managed?
How much groundwater ingress do you expect to encounter?
How will the tunnel be designed to re-confine the aquifer?

Response
The TBM will be a fully closed-face tunnelling machine. The particular type is down to the MWC, however
it will either be a slurry machine (SPB) or an earth pressure balance machine (EPBM). The decision will be
based on their interpretation of the ground conditions; meeting our strict TBM specification and
availability in the market place. I would recommend viewing the Herrenknecht website - their media
section has both segmental (AV 2000 and EPBM) tunnel options as animations which provide an insight
into closed-face machines and typical tunnel construction methods.
If an EPBM is preferred there is no requirement for water usage/consumption during the tunnelling
operation. For SPB, around 50 m3 of water is required to establish the slurry circuit, which when up and
running is a closed-loop system where the fluid is used as a transportation medium for tunnel arising.
Occasionally this will need to be refreshed from spare water storage tanks, but not exceeding the 20m3
threshold per day, whether potable or brackish.
In both cases, artesian water is dealt with internally within the TBM. Water pressure (and horizontal earth
pressure) is monitored and balanced precisely by the specialist equipment, such that excavation (and
water ingress) is strictly controlled and there is no over-excavation, and no under-excavation. The volume
of earth excavated is restricted to precisely the same volume of tunnel built.
To ensure the tunnel integrity meets and exceeds good industry practice a number of specifications have
been developed, including a lining specification and the Tunnel Boring Machine specification. The lining
specification stipulates the leakage class rating of the tunnel, in this instance class 3; characterized as
“capillary dampness”, which is defined as being essentially "dry" and allowing only occasional damp
patches on the tunnel lining, but no drops of water. The allowable daily leakage rate is 0.1 litres / metre
squared. This class rating will also prevent any fines / materials from entering the tunnel. Based on 10m
forward productivity in a 12 hour shift, this will equate to an approximate maximum of 11.5 litres of water
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being allowed to enter the tunnel through the finished lining. In practice, the tunnel will be essentially
dry. In the event of the ingress being exceeded, our tunnel inspectors are present and the leak will be
sealed immediately, typically by internal caulking. We will also have sump pumps present as back-up,
particularly as we have a “u bend” under the estuary, and pumping provisions are required to maintain a
safe and dry working area. The rigid lining specification also includes the rating of the concrete segments
and gaskets, which are to be designed for the highest astronomical tide, plus a safety factor of >1.2. As
part of the quality management process, the concrete segment moulds are laser scanned and a trial build
of 3 rings conducted and tested prior to use within the tunnel. Whilst our tunnel is technically a sleeve
tunnel (as it is for our gas pipeline), the linings and processes that we have to deploy in effect mean that
the tunnel is more akin to a completely dry rail or metro tunnel that will not impact the aquifer in any
way, either in the temporary or permanent case.

J14-468-016R-Rev2

Feeder 9
Groundwater Control – HIA Addendum

OGI Groundwater Specialists Ltd

APPENDIX B: Case Study – Millennium Bridge
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APPENDIX C: Sensitivity Analysis Models
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Sensitivity Analysis – Permeability of Chalk Bearings
Chalk Bearing Permeability =

6.5 x 10-2 m/s

Chalk Bearing Permeability =

6.5 x 10-3 m/s (Base Model)
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Chalk Bearing Permeability =

6.5 x 10-4 m/s

Chalk Bearing Permeability =

5.2 x 10-5 m/s

(Same permeability as the fractured Chalk so effectively no Chalk Bearings)

J14-468-016R-Rev2

Feeder 9
Groundwater Control – HIA Addendum

Sensitivity Analysis – Permeability of Fractured Chalk
Fractured Chalk Permeability = 5.2 x 10-4 m/s

Fractured Chalk Permeability = 5.2 x 10-5 m/s (Base Model)
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Fractured Chalk Permeability = 5.2 x 10-6 m/s
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Sensitivity Analysis – Anisotropy of Fractured Chalk
Anisotropy Ratio = kh/kv =

20

Anisotropy Ratio = kh/kv =

10
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Anisotropy Ratio = kh/kv =
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1.00

(Isotropic)
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Sensitivity Analysis - Major Fracturing at Depth below the Toe of the Wall
Horizontal fractured Chalk zone between -30mOD and -35mOD.
Horizontal permeability of new zone

= 5.2 x 10-3 m/s

Vertical permeability of new zone

= 5.2 x 10-6 m/s
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Sensitivity Analysis – Isotropic Fractured Chalk and No Chalk Bearings
Chalk Bearings modelled as fractured Chalk
Fractured Chalk kh/kv =1
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APPENDIX D: Specimen Pumping Test Specifications
J14-468-023D-Rev0
J14-468-024D-Rev0
J14-468-025D-Rev0
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