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monitoring of the downward access road was required to be undertaken to
identify areas where topping up etc. would be required.

For shoreline access, the methodology integrated temporary access into the
developing rock-armour footprint, enabling progressive extension of access
as armour placement advanced. This approach improved constructability
while controlling temporary stability risks. The temporary access was
designed to be constructed using a starter layer of Class 6A material. Above
the Class 6A starter layer, 400 mm of Class 6F2 engineered fill supporting a
150 mm UGM A capping layer with geosynthetic reinforcement of combigrid
40/40.

Following the temporary works design review by GDG, WH Alexander and
ESB considered the approach recommended by GDG feasible. Following this
review of temporary works, a review of the pricing of the contract was
carried out by WH Alexander based on the changes considered as part of the
temporary works approach. WH Alexanders were then appointed by ESB to
carry out the construction works in September 2024.

CONSTRUCTION STAGE:

Construction commenced on site in November 2024. Early works included
mobilisation and compound establishment; however, there was delay in
securing access to lands used for compound and material storage. The
Blessington Greenway was closed for a period up to the Christmas break to
facilitate construction of the access track and associated works

Environmental constraint: identification of tufa springs

During site attendance by the project ecologist, seepages/ springs were
identified and subsequently confirmed as tufa (petrifying) springs, described
as lime-rich discharges capable of depositing calcium carbonate and forming
porous tufa deposits. Tufa springs are designated as a priority habitat in
Annex | of the European Union Habitats Directive in recognition of their
vulnerability. A specialist was engaged to confirm habitat identification.
Given the sensitivity of these features, a hydrogeological review assessed
potential impacts of the proposed drainage and revised slope geometry,
drawing on the borehole and groundwater dataset. The drainage design was
modified, including raising a portion of the cut-off drain, to reduce risk of
adverse effects.
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Figure 9. Tufa formation on reservoir shore

Section elevation Ch. 30 - Section BHO1A

Cycle

Existing ground Level

——Mean Lake Level ‘
——MaxLake level o
Filter Drain
1a0 Min Lake Level
Cohesive Silt/Clay
——WaterTable
Granular Layer \

—Cpepage Zone

Crest Excavation

s=Toe rock armour

170 190 216 230 25| 2 ek 310 350 i

Figure 10. Original depth of filter drain which had to be subsequently raised to avoid
tufa seepage zone

Programme adaptation: toe works executed ahead of crest regrading

Due to reservoir levels and the design review outcomes, programme
sequencing changed. Rock armour was installed at the shoreline toe earlier
than originally anticipated, with subsequent use of regraded crest material
to fill and tie-in behind the armour. Some modifications to toe geometry
were implemented during delivery to reflect constructed conditions.
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Staged excavation at the crest proceeded with monitoring in accordance
with the temporary works design. The temporary works designer undertook
site visits during crest excavation and raised no concerns. It was considered
that completing the toe berm early likely provided beneficial confinement
and improved stability during subsequent crest works.

Proposed Solution
Poorer Quality Fill

- >
Current Track
1.2m
I T, 185.6 m OD
I e
e =iy, E 184.0m OD
% H1ZVAS

300 mm Layer of

Class 1A Fill 182.5mOD

Figure 11. Geometry of rock armour toe incorporating shoreline access track
(ESB,2025)

Permanent works and reinstatement

At crest level, permanent public interface works included a paved path, 1.5m
high fencing and new hedge planting. Landscaping and planting were
completed downslope of the fence line to reinstate and enhance visual
amenity. No excess material disposal off-site was required during the works.
The constructed access track was agreed to remain in place for future access
requirements. The works were substantially completed by May 2025.

OUTCOMES, SUCCESSES AND LESSONS LEARNED

Delivery Outcomes

The final scheme provided shoreline protection and improved slope
configuration at a high-sensitivity recreational location, while
accommodating operational constraints associated with reservoir level
fluctuations and difficult shoreline access. The methodology integrated
temporary access and permanent shoreline protection in a manner that
supported safe construction sequencing.

Success Factors
Key success factors included:
o Effective collaboration between ESB and the contractor to integrate
shoreline access into the rock-armour solution.
e A structured temporary works approach that reduced geotechnical
risk during excavation and access construction.
e  Favourable reservoir levels during critical phases of shoreline works.
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Lessons Learned
The project highlighted several lessons applicable to similar reservoir
perimeter remediation works:

e Earlier and more structured stakeholder engagement can reduce
delays and improve access/ compound planning (particularly where
third-party lands are required).

e Ecological constraints may be difficult to identify during early
assessments; tufa springs were only identified due to local ecological
knowledge during construction-stage site attendance. Future projects
should consider targeted surveys during appropriate seasons and
include contingency for habitat discoveries.

e Temporary works risk can be a determining factor in contractor
appetite and tender responsiveness; early temporary works design
development may improve market engagement and pricing certainty.

e Flexible sequencing (e.g., toe works ahead of crest regrading) can de-
risk stability and maintain progress where reservoir levels or ecological
findings require design changes.

CONCLUSIONS

Erosion and instability at Pollaphuca Reservoir continue to present technical
and stakeholder challenges due to the interface between geotechnically
complex shoreline deposits, fluctuating water levels, public amenities and
environmentally designated features. At Burgage More, the adopted
remediation approach, crest regrading combined with toe rock armour and
adapted groundwater control measures, was delivered successfully using a
staged and monitored temporary works methodology and an observational
approach to manage uncertainty in shoreline conditions.

The project demonstrates the importance of integrating temporary works
considerations into early design and procurement strategy, and the value of
maintaining programme flexibility to respond to environmental constraints
and water level conditions. The lessons identified are transferable to other
reservoir shoreline erosion sites where constructability, public interface and
habitat sensitivity are key drivers.
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Figure 12. Aerial view of completed works

Figure 13. Aerial view of completed works
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The factor of safety in finite element analysis of
embankment dams
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SYNOPSIS

New reservoirs in the UK will be retained by earth embankment dams
constructed on stiff plastic, over-consolidated and low permeability clay
formations with relatively low shear strength, which may further reduce due
to post-peak strain-softening leading to the mechanism of progressive
failure. In practical stability analysis of these dams the Factor of Safety (FoS)
is usually determined by means of simple Limit Equilibrium (LE) analysis
which cannot account for this mechanism. Advanced Finite Element (FE)
analysis which are nowadays routinely used for assessing displacements and
stresses in embankment dams can. However, the determination of a FoS
within a FE analysis is a more complex issue. It is usually carried out by means
of the so-called strength reduction method, but different software programs
account for this in different ways, and mostly only for simple constitutive
models.

This paper briefly outlines a consistent methodology for accounting for the
FoS in FE analysis, which can be applied to any constitutive model, even
those accounting for strain-softening and progressive failure. It then
describes a series of FE analyses undertaken to determine the operational
FoS during the various life stages of the main embankment dam at Abberton
Reservoir which was raised from 2009 to 2013. The original slip in the
upstream slope of the dam in 1937 through the mechanism of progressive
failure provided reliable data to determine the strength of the various
materials involved.

INTRODUCTION

The design of embankments has presented stability problems in the past,
particularly when high embankments (i.e. dams) on undrained (clay)
foundations were attempted (Briddle et al, 1985). The application of soil
mechanics principles led to design in terms of pore pressure and effective
stress, with stability analysis by LE methods. However, owing to the inherent
assumptions in LE analysis this method does not always provide a unique
FoS. Also, stiff over-consolidated and plastic clay foundations (like many
beneath newly proposed reservoirs in the UK) may involve a reduction in
shear strength due to post-peak strain-softening leading to the mechanism
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of progressive failure. LE analysis cannot account for this mechanism
(Vaughan et al, 2004).

Design of these dams has changed with the development of advanced
numerical methods, such as the FE method of analysis (Kovacevic et al,
2008). Apart from assessing displacement and stresses under working load
conditions, this technique is now increasingly being used to calculate the
FoS, and results are reported to be comparable to those obtained with LE
methods (e.g. Brinkgreve & Bakker, 1991; Griffiths & Lane, 1999).

However, the inclusion of a FoS within an advanced FE analysis is a complex
issue. There is no guidance on the appropriate numerical procedure that
should be implemented, and different software programs account for this in
different ways, and mostly only for simple constitutive models of the Mohr-
Coulomb and Tresca type. Such procedures can be problematic, particularly
for more complex constitutive models, however these models are often
required to predict the realistic behaviour of embankment dams during both
construction and subsequent operation (Kovacevic et al, 2011).

Potts & Zdravkovic (2012) illustrated some of the difficulties that may arise
when attempting to calculate a FoS from FE analyses. For more complex
boundary value problems, such as embankment dams on undrained
foundations subject to progressive failure, and when using advanced
constitutive models, these difficulties may increase. They developed a
consistent methodology to account for the FoS in FE analyses which can be
applied to any constitutive model, even those accounting for strain-
softening and progressive failure. In this paper this methodology is used to
estimate the stability and operational FoS during different stages in the life
of the main embankment dam at Abberton.

FACTOR OF SAFETY BY STRENGTH REDUCTION METHOD IN FE ANALYSIS

In FoS FE analyses the ‘material’ strength used is based on the ‘design’
strength but reduced by a FoS. For analyses based on undrained strength,
Su, the strength used in an analysis, $,2"5, is estimated as:

Suanalysis - Sudesign/ FoS

whereas for analyses based on drained strength, ¢, the strength used in an
analysis, ¢ 2"V is estimated as:

cI)'analysis - tan—l(tan¢'design/ FOS)

where S, or ¢'desien gre the characteristic values of soil strength best
estimated from the available site investigation data.
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The above strength reduction can be achieved in two ways in a FE analysis.
The first approach is to use the designed strength (S,%%8" and ¢'desien)
directly without modification, and then at relevant stages of the analysis to
gradually increase the FoS (i.e. to reduce the design strength) until failure
occurs. The second approach is to start the analysis with the factored
strength (S, or ¢ '2"asis) and continue until failure occurs.

The first approach has the advantage that a single FE analysis could be used
to investigate both serviceability and ultimate limit states. This is especially
true for the embankment dams which go through many different life stages.
Given that now there is a unique way of how the strength reduction is
numerically implemented irrespective of the constitutive models used in the
FE analyses (Potts & Zdravkovic, 2012) this approach appears to be
particularly attractive in the calculation of the FoS.

The advantage of the second approach is that no modification to the analysis
software is needed, which makes it an easier option and can be used with
most constitutive models. However, the disadvantage is that such a reduced
design strength may require initial stresses that are not consistent with
those in-situ. In addition, the various stages of the analysis may be
completed without reaching failure, which ensures the stability of the
problem, but does not produce information on the magnitude of the FoS.

The proposed unique procedure behind the first strength reduction
approach irrespective of the constitutive model used in the FE analyses is
presented in Potts & Zdravkovic (2012). They introduced a FoS as an
additional state parameter in the yield function of the constitutive model,
and then the necessary modifications to the FE formulation in terms of
governing equations and the relationship between changes in stresses and
strains appear to be relatively straightforward.

This novel approach in calculating the FoS has been used in all FE analyses
presented in this paper. These analyses have been performed with the FE
software ICFEP (Potts & Zdravkovic, 1999) in two dimensions using a plane
strain approach and eight-noded FE elements with reduced 2x2 integration
order. A modified Newton-Raphson non-linear solver with an error-
controlled sub-stepping stress-point algorithm was used.

MAIN EMBANKMENT AT ABBERTON RESERVOIR

The ‘original’ embankment at Abberton has a narrow central vertical core of
puddle clay which extends below ground level to form a cut-off trench
through the underlying Alluvium and into the in-situ London Clay (see the
‘original’ dam geometry in Figure 1). Transition zones of selected clay fill
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were placed between the central clay core and outer portions of the
upstream and downstream embankment shoulders.

Puddle clay_ *12:25m

_ Transition clay fill
+4.0mOD ashed’ gravel Gravel - Gravel Clay berm

I Alluvium (clayey)
1

Alluvium (siify) —
Puddle clay filled London Clay
cut-off trench
-21.0m
&
) Ep e Scale
Note: Shaded areas denote ‘original’ dam geometry. 0+———=—+25m

Figure 1. Zoning of ‘original’ and ‘re-constructed’ dam

The FE analyses modelled the failure during ‘initial’ dam construction in 1937
(Figure 2) and its subsequent successful completion and operation
(Kovacevic et al, 2013), before it was raised from 2009 to 2013 (Figure 3).
The best estimate of the dam history was modelled in the ‘coupled’ FE
analyses. Table 1 shows the increment numbers corresponding to the
various stages of the analysis and appropriate time steps. The model
parameters were derived on the basis of the available site investigations and
laboratory testing (Table 2).

Figure 2. General view of ‘original’ dam failure

Puddle clay Clay core _+22,75% Granular shoulder fill

Transition clay fill
400D _—————Washed gravel __—Gravel N Gvel ™ houiderfl
l: S
Puddle clay filled
o y London Clay
-21.0m
0&25",

Figure 3. Zoning of raised dam
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Table 1. Construction sequence modelled by the FE analysis

Inc.No. Description of event Time
0 Set-up initial stresses -
1.5 Cut-off trench excavation 4.5mths
6...10 Cut-off trench filling 4.5mths
11...23 ‘Original’ embankment filling to El.+18.0mOD 7.2mths
24...30 Removal of ‘failed’ material to EI.+9.0mOD 2.52mths
31..41  Filling for ‘re-constructed’ embankment to EI.+19.25mOD  6.6mths
42...50 First reservoir impounding to TWL (El.+18.0mOD) 33mths
51 Reservoir drawdown to El.+16.25mOD 6mths
52,53 Dissipation of p.w.p. with reservoir level at E.+16.25m0OD  5.75yrs
54 Reservoir re-impounding to TWL (El.+18.0mOD) 6mths
55...60 Dissipation of excess p.w.p. at TWL (El.+18.0mQOD) 40yrs
61...64  Reservoir drawdown to El.+15.0mOD and re-impounding lyr
65,66  Reservoir drawdown to El.+16.25mOD and re-impounding lyr
67...70 Dissipation of excess p.w.p. at TWL (El.+18.0mOD) 20yrs
71...79 Filling for ‘raised’ embankment to El.+16.0mOD 10.8mths
80, 81 Reservoir drawdown to El.+15.0mOD 0.25mth
82...84 Removal of ‘existing’ dam crest to E.+16.0mOD 1mth
85...87 Filling for ‘raised’ embankment to El.+19.25mOD 3.6mths
88, 89 Reservoir impounding to‘old’ TWL at EI.+18.0mOD 0.25mths
90, 91 Filling for ‘raised’ embankment to El.+22.75mOD 2.4mths
92...94 Reservoir impounding to‘new’ TWL at EI.+21.0mOD 6mths
95...100 Dissipation of p.w.p. to establish long-term conditions 100yrs

‘Initial’ dam construction began in March 1936, and the upstream
embankment shoulder of the ‘dam suffered a deep-seated failure through
its foundation in July 1937 when construction of the embankment dam was
still some 2m short of its full height (Figure 4).

The FE analysis predicted the failure of the upstream shoulder during the
placement of the layer of fill between +17.25 and +18.0mOD, i.e.
approximately 2m from the intended crest level at +19.5mOD. Results are
presented for the last three stages of the analysis (just prior to and during
failure) in terms of the incremental movement vectors and accumulated
contours of plastic shear strain (Figure 5). The clear progression towards
failure can be seen.
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Figure 4. Failed section of the ‘original’ dam (after Watson Hawksley, 1990)

Table 2. Material properties assumed in the analysis

Material Puddle Transit- General Wash- Clay Silty In-situ
property Clay* ionFill* Gravel ed All- All- London
Gravel uvium uvium Clay
Unit
weight 19 18 20 20 18 18 19.5
v (kN/m3)
c’p=8kPa

c¢’=1kPa c’=1kPa c’=5kPa c’=3kPa ¢’'p=24°
Strength  ¢’=21° ¢'=23° ¢'=35° ¢’'=35° ¢'=20° ¢'=30° c'r=2kPa
$=10°  $=10°  $=0°  ¢=0°  ¢'r=13°
P=0°
E=65.p’ E=65.p’ E=5000.(p’
+5200 +5200 +100)/100
(kPa) (kPa) (kPa)
u=0.30 p=0.30  u=0.20

E=200. E=200.

A=0.113 A=0.113 p’(kPa) p’(kPa)

Stiffness  k=0.030 k=0.030 Emin=5 Emin=5
p=0.30 p=0.30 MPa  MPa

p=0.20 p=0.20

Permeab- 1x10%8. 5x10°%°,

-11 -9 7
ility k (m/s) 3x10 1x10 - - @0.002.p’ 1x10 @0.007.p

(*) — Specific volume at p’ = 1kPa is v1 = 1 + e; = 2.5 in the Modified Cam Clay
model which was used for the characterisation of the puddle clay and transition
fill. Note that the Mohr-Coulomb model is used for all other materials. For the in-
situ London Clay shear strength parameters are reducing from peak values (¢’, and
¢’p) at €Ppp=5% to residual values (c’rand ¢';) at €P5=20%, where €"; is the plastic
shear strain invariant defined as (€°p)?=(2/3).[(€P1-€P2)2+(eP2-€P3) 2+(€P3-€P1)2].

The FE analysis of the ‘initial’ failure confirmed the deep-seated progressive
failure mechanism postulated by French et al (2000), which involved
shearing through the top of the London Clay foundation rather than a non-
circular failure mechanism through the alluvium, as advocated by Watson
Hawksley (1990) and indicated in Figure 4. However, the predicted rupture
surface appeared to be somewhat deeper (3m below the top of London Clay)
than expected, because the top 2m of the London Clay gained strength
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owing to its consolidation into the overlying more permeable alluvium
(Figure 6a). By definition, for this stage of the analysis the FoS=1.0.

Vector Scale
@) e By
0.016m

Vector Scale
© S B
1.090m

0 Scale 25m

Contours: ‘A'~1%, ‘B"-2%, ‘C’-5%, 'D’-10%, ‘E'-20%, ‘F'-50%

(c)

Figure 5. Predicted incremental movement vectors and contours of plastic shear
strain towards the end of construction of the ‘original’ dam

RESULTS OF FACTOR OF SAFETY ANALYSES

In the FE analyses, the FoS was incrementally increased from an initial value
of 1.0 until the factored strength resulted in an unstable slope. Typically, the
increase wasin 10% (i.e. 0.10) increments, and when failure was approached
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the increments reduced in size to just 1% (i.e. 0.01). It should be noted that
the time and associated pore pressure changes were stopped after the
increment prior to the first FoS increment and the remaining FoS analysis
was drained. In each increment of the FoS analysis, it is the current strength
that was factored meaning that the strain-softening behaviour was captured

by the analyses.
Upper Alluvium (Clayey) \ Upper Alluvium (Clayey)
0

Lower Alluvium (Silty) \ Lower Alluvium (Silty)

London Clay Formation 5 London Clay Formation
2 [~ Predicted rupture surface

Elevation (mOD)
>

Elevation (m)

——Ei#4.0m - Inc.10
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—©0—EL+10.5m - Inc.14 ore jor}
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o—E1+13.25m - Inc.16 —a— Reconstruction completed- Inc.41
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Figure 6: Predicted undrained shear strength profiles in the dam foundation at (a)
upstream and (b) downstream 32.5m from the dam centreline

The results are presented in terms of:

e the contours of plastic shear strain invariant, ePp (see definition in Table
2) just prior to the predicted failure,

e the velocity characteristics just prior to the predicted failure, which
indicate the zones in which plastic yield is currently occurring (note that
in the case of the Mohr-Coulomb model, which was used to characterise
the behaviour of the various foundation materials and gravel fills, they
indicate the areas where the shear strength is fully mobilised), and

e the incremental movement vectors during the failure; as such, they
indicate the position of the predicted failure surface, and their
magnitude is not of importance.

The proposed strength reduction method for determination of the FoS can
be applied for any stage (increment) of the FE analysis as outlined in Table
1. The following four stages in the life of the Abberton dam after its ‘original’
failure are considered herewith:

e the end of construction of the re-constructed dam (Inc.41 in Table 1),
e after dissipation of the excess pore pressures after dam re-construction
in the long-term, before the dam raising (Inc.70),

o after full reservoir impounding after the dam raising (Inc.94), and
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o after dissipation of the excess pore pressures after dam raising in the
long-term (Inc.100).

The re-constructed dam, after the ‘original’ dam failure, had a flatter
upstream slope (Figure 1) and the FE analysis predicted that the steeper
downstream slope is now more critical (Figure 7). The time needed for re-
construction contributed to a strength increase in the London Clay, resulting
in a deeper failure surface being predicted beneath the downstream slope
(Figure 7) than beneath the ‘original’ upstream slope (Figure 5). The
predicted FoS for the re-constructed dam is 1.30. There is no indication that
strain-softening (note that there is no ‘C’ contour beneath the downstream
slope, which indicates plastic shear strains in excess of 5% and strain-
softening, see Table 2) prior to failure is involved in the London Clay
foundation (Figure 7a). Furthermore, it appears that the shear strength is
not yet mobilised beneath the downstream toe just prior to failure (Figure
7b). It is worth mentioning that LE stability analyses cannot account for this
latter mechanism of behaviour.

\
NN 1
A~ T
sy e ==

Contours: ‘A'~1%, ‘B’-2%, ‘C’-5%, ‘D"-10%, ‘E’-20%, ‘F'-50%

Figure 7. The end of construction of the ‘re-constructed’ dam (FoS=1.30)

Dissipation of the excess pore pressures in the foundation of the re-
constructed dam, to just before dam raising, caused a further increase in the
foundation strength (Inc.70 in Figure 6b). The FE analysis predicted a
‘shallower’ critical failure surface beneath the downstream slope of the re-
constructed through the ‘weaker’ clay alluvium (see Table 2). The predicted
FoS in the long-term is increased to FoS=1.57 (Figure 8).
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Figure 8. Re-constructed dam in the long-term (FoS=1.57)

The increased foundation strength in the long-term was sufficient to allow
safe construction during the subsequent dam (and reservoir) raising. The
dam is raised downstream (Incs 71 to 94, see Table 1) and has a flatter
downstream slope than the re-constructed dam. The predicted failure
surface at the end of raising is deep-seated through the London Clay
foundation (Figure 9c), without any significant sign of progressive failure
prior to collapse (Figure 9a), and the predicted short-term FoS is 1.70.
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Figure 9. Full reservoir impounding after the dam raising (FoS=1.70)

Finally, the FE analysis modelled dissipation of the excess pore pressures
after the dam raising to the long-term (Incs 95 to 100, Table 1), the London
Clay gained further strength, and the failure surface is again predicted to
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pass through the ‘weak’ clay alluvium. The predicted FoS in the long-term is
increased to 2.02.
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Figure 10. Raised dam in the long-term (FoS=2.02)

CONCLUSIONS

Nowadays, FE analyses are not only used to assess displacements and
stresses in embankment dams, but they can also provide reliable values of
FoS using a consistent methodology. This is irrespective of the constitutive
model used to characterise the various materials involved and also
accounting for possible strain-softening and the mechanism of progressive
failure. Furthermore, the FE analyses can provide a FoS for any stage during
the life of the dam showing realistic mechanisms of behaviour. This has been
demonstrated on the example of the main embankment dam at Abberton
Reservoir which was recently successfully raised. The predicted FoS were
satisfactory for the four chosen stages of the analysis, both in the short and
long-term.
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SYNOPSIS

The UK currently has a number of major reservoirs in planning, design
development or construction, all located on stiff clay strata of various ages.
Where such strata are underlain by regional aquifers with artesian
groundwater pressures, a risk of groundwater uplift may exist for the case
where the borrow pit has been excavated but not yet filled.

Such is the case at the site of Anglian Water’s proposed Lincolnshire
Reservoir. Therefore, as part of the early design development, studies have
been undertaken to assess the uplift risk for the base of this reservoir. The
paper describes the geological and hydrogeological background of the site,
the methodology applied in assessing hydraulic uplift risk, and presents and
discusses the key assessment results.

INTRODUCTION

The drive to construct new reservoirs to improve the UK’s water resilience is
gathering pace. The sites for new reservoirs will be, or have been, selected
based on a range of criteria including geographical, hydrological, social,
environmental, cost and other grounds, and the resulting selected sites may
have significant ground risks. Given the lack of reservoir building in the UK
in recent decades, and scale of strategic reservoirs being planned, some of
these challenges may be new or at least of a scale unprecedented to today’s
generation of reservoir engineers. For sites with artesian groundwater,
groundwater uplift of the base of the reservoir may be one such case in
point. Such occurrences are not merely theoretical: Moore and Longworth
(1978) provide an example where base failure of a large excavation in Oxford
Clay did indeed occur.

As part of the early design development for Anglian Water’s two flagship
reservoirs in the east of England, Fens Reservoir and Lincolnshire Reservoir,
studies have been undertaken to assess the uplift risk for the base of the
reservoirs. The construction of these reservoirs will involve the excavation
of substantial volumes of clay bedrock to considerable depths. Both sites
overlie aquifers with artesian groundwater levels of the order of 10 m above
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ground level. Thus, whilst the natural landscape may be stable, the new
excavated ground configuration is at greater risk, especially when not
balanced by the weight of water in the reservoir.

The paper focuses on an early assessment undertaken for Lincolnshire
Reservoir in support of Environmental Impact Assessment and Development
Consent Order documentation.

BACKGROUND
Brief descriptions of the geology and hydrogeology of the Lincolnshire
Reservoir site are provided below.

Geological Setting

The bedrock stratigraphical sequence underlying the site is presented in
Figure 1. The geology generally comprises varying thicknesses of Glacial Till
over bedrock comprising the Oxford Clay Formation (OXC). The OXC is
underlain by: Kellaways Formation (Kellaways Sand (KLS) and Kellaways Clay
(KLC)), Cornbrash Formation (CB), Blisworth Clay Formation (BWC),
Blisworth Limestone Formation (BWL), Rutland Formation (RLD), and Lower
Lincolnshire Limestone (LL). A West to East cross section of the stratigraphy
across the centre of the site is provided in Figure 2.

Hydrogeological Setting

The hydraulic uplift force acts at the top of a confined aquifer (base of the
confining layer). There are several aquifer and aquitard units underlying the
Oxford Clay at the Lincolnshire Reservoir site as shown in Figure 1. The main
ones of interest are the Kellaways Sand member, given this aquifer directly
underlies the Oxford Clay and holds water in artesian or sub-artesian
pressure, and the Lincolnshire Limestone, a Principal Aquifer used by Anglian
Water for public water supply, which holds water in artesian pressure and is
the aquifer that feeds the pressure of the whole system, being the aquifer
with the highest piezometric level and greatest transmissivity in the system.
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METHODOLOGY

Principles

Hydraulic uplift can occur when the upwards force of groundwater pressure
at the base of impermeable strata is greater than the weight of overlying
material. For an initial assessment, this force balance was considered by
calculating a global Factor of Safety (FoS), where FoS<1 indicates hydraulic
uplift is expected to occur. The FoS was calculated using equation (1).

No other forces, such as the side friction of the uplifting mass, are considered
since the size of the excavation means that shear strength resistance at the
side of the lifting block is negligible compared to the uplift and weight forces.
(1)

Weigh of overlying soil and water

FoS =

Force from groundwater pressure head

FoS = (C=D)*¥s0i1+(B=C)*Ywater (2)
(A=D)*Ywater

Where ysoil = soil bulk unit weight; ywater = water bulk unit weight; and levels
A, B, C, and D (mAOD) as indicated in Figure 3.

7 A

[ w1
C

OXC

i

KLS

Figure 3. Schematic representation of elevations for determining the FoS against
uplift.

Key Questions
In developing the assessment methodology, a number of key questions
came to light that required resolution.

e Which horizon is the critical one for hydraulic uplift?
e What groundwater level should be taken for each design scenario?

o s the risk of hydraulic uplift constant across the reservoir site?
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Sources of groundwater data

Several sources of information were used to determine a representative
‘piezometric level’ or total head (level A in Figure 3) in the strata below the
site. These include:

e (A) Environment Agency historic groundwater level data
o Included 22 boreholes of relevance with 21 monitoring
groundwater pressure in the LL and 1 installed in the KLS.
Monitoring data typically covered from the 1970s to 2023. A
maximum piezometric level of 21.5mAOD was recorded.

e (B) Lincolnshire Groundwater Numerical Model
o A hydrogeological numerical model of the aquifers in the
Lincolnshire area. A worst case scenario run of this model, where
groundwater abstraction is ceased, was used to predict the
groundwater total head . This predicted a maximum piezometric
level in the LL within the reservoir site of 23.6mAQOD.

e (C) Site specific groundwater monitoring data
o Installations for the Lincolnshire Reservoir project. Groundwater
level data measured in several vibrating wire piezometers
(VWPs), covers a range of different stratigraphic units,
including LL, BWL, CB, KWC, KWS, and OXC. Monitoring data was
available between September 2023 and April 2025. The highest
recorded piezometric level was 23.9 mAOD in the LL stratum.

Selection of a representative ‘piezometric level’ becomes complex where
measured and modelled pore pressures show significant spatial and
temporal variability. Eurocode 7 requires for ultimate limit states “design
values shall represent the most unfavourable values that could occur during
the design lifetime of the structure”; however, in practice, how should this
be defined where groundwater heads fluctuate, exhibit localised extremes,
and differ between observations and model outputs, particularly when
considering the complex interaction between reservoir operating levels,
construction programme and groundwater pressures? Then climate change
also needs to be considered. For pragmatic reasons, therefore, a range of
values have been applied to different scenarios for this initial assessment.

Standards of Assessment

There are several standards which could be applied to provide a suitable
target FoS for uplift cases. Whilst Eurocodes do have a methodology,
Eurocode 7 Part 1 states that for structures of the highest consequence class,
“additional or amended provisions to those given in EN 1997 (all parts) can
be needed”. Hence there can be uncertainty in which to apply.
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USBR Design Standard 13 (Chapter 8) provides a target recommended global
FoS for uplift of 2.0 for new dams and 1.5 for existing dams. As such, a FoS
of 2.0 is required for most cases. However, a FoS of 1.5 may be considered
more appropriate under extreme or accidental cases, or where there is
strong rationale for adopting a lower FoS. Additionally, the USBR guidance is
generally considered as a check for uplift risk at the toe of an embankment
dam downstream slope. It is not considered directly applicable for a global
uplift criterion for an excavation base.

The criteria used in the Eurocodes may possibly be more applicable to the
type of uplift mechanism considered in this case. The mechanism for
hydraulic failure due to uplift is set out in Section 10 of BS EN 1997-
1:2004+A1:2013. The FoS against hydraulic failure due to uplift is calculated
in the same way as described above in ‘Principles’. However, as the Eurocode
system applies a partial factors approach, an equivalent target global FoS has
been calculated for comparison with the USBR standards.

The hydraulic heave limit state set out in BS EN 1997-1:2004+A1:2013 is
applied in situations where differential water pressures cause the inflow of
water. This limit state seems less directly applicable to the situation but was
included for comparison. In summary, the various comparator target factors
of safety are as follows:

e USBR (global FoS):
o Recommended global FoS against uplift for new dams: 2.0

e Eurocode 7 (equivalent from partial FoS)
o Uplift Limit State (UPL): 1.30
o Hydraulic Heave limit state (HYD): 1.53

Scenarios for consideration

During and shortly after construction, the reservoir will be empty of water
(level B in Figure 3 will be equal to level C). Construction will likely take place
over a 3 to 4-year period. When the reservoir is in operation, the lowest
realistic reservoir level will be during a 1 in 500-year drought. In this case,
there will be 5 million m3 of water remaining in the reservoir, which will
correspond to a water depth of 2.7m based on the Interim Design. This will
be an ‘unusual’ event and will last, presumably, a matter of months.

The base of the reservoir (Level C in Figure 3) is dependent on several
factors. On a simplistic basis though, the deeper the base of the reservoir
the greater the achievable storage capacity which is a benefit to the Client.
At interim design stage a level of 5.0mAOD was taken. A summary of design
scenarios is presented in Table 1.
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Scenario Groundwater total Reservoir Base of Base of
head water reservoir  aquitard level
depth level
1A Reservoir  21.5mAOD. Om 5mAOD -40mAOQOD to
EOC! using Maximum historic (empty) -64mAOD
EA? data EA data from the LL
interpolated at the
reservoir site.
1B Reservoir  23.6 mAOD Om 5mAOD -40mAOD to
EOC using Modelled (empty) -64mAOD
the maximum
numerical groundwater levels
model in the LL if there
was no abstraction.
1C Reservoir  The maximum Om 5mAOD For aquifer
EOC using recorded water (empty) data: top of
VWP data pressure from each aquifer unit
VWP installation. For aquitard
data: install
level of the VWP
2A Reservoir  21.5mAOD. 2.7m 5mAOD -40mAOD to
operation Maximum historic -64mAOD
. (low
using EA EA data from the LL water
data interpolated at the
level)

reservoir site.

1End of Construction 2Environment Agency

RESULTS AND DISCUSSION

End of Construction

The results plotted in Figure 4 show for the scenarios in which a constant
groundwater total head (taken from the LL) is applied, the FoS against uplift
in the LL and BWL between -40mAOD and -64mAOD (the continuous
coloured lines) decreases with increased elevation (i.e. shallower depth).
Over the same depth range the results based on monitored VWP data (the
individual-coloured points), are broadly consistent with these lines with a
FoS at around 1.5. At elevations of around -35 to -30 mAOD, in the CB and
KLS, the FoS is slightly higher at 1.6 to 1.7. However, where the top of the
KLS is at higher elevations (-23 to -18 mAQOD), the FoS is at its lowest at 1.3
to 1.4. One shallower piezometer in the OXC gives a FoS against uplift of
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around 1.5. In summary, for a reservoir base level of 5mAQD, no results sit
above a FoS of 2.0 but all results sit above a FoS of 1.3.

These results provide an initial answer to the first of our key questions: the
critical horizon for the calculation of uplift risk is theoretically the top of the
Kellaways Sand stratum (KLS), and this is supported by some of the
monitoring data. Where slightly higher FoS values are calculated, this may
be due to deeper strata interface levels or lower recorded piezometric
pressures in this complex, slightly ‘leaky’, multi-aquifer system.

In response to the third of the key questions, the spatial variation in FoS for
the KLS and LL can be seen in Figure 5. Values are only reported for zones
where monitoring points exist. At this stage a pattern emerges of the FoS for
the KLS increasing from West to East. This assessment therefore opens the
possibility of increasing excavation depth from West to East to maximise
storage volume while maintaining safe conditions. However, no pattern is
evident in the LL results and clearly more monitoring data is required.

In summary, the results highlight the need for site wide monitoring of
porewater pressures in all strata given the potential variability in results. The
results also show uplift risk should not be limited to a single stratum.

Reservoir Operation

As expected the operational case, line 2a in Figure 4, tracks to the right
(higher FoS) of the EOC case (line 1a) given the minimum operational water
level provides an additional stabilising force. In addition, for the operational
case it is doubtful that unusually high-water pressures in the aquifers would
coincide with a “1 in 500 yr drought”, when presumably river levels and
precipitation would be very low. These two assumptions seem incompatible,
and it is unlikely such scenarios are realistic. Given these points, the end of
construction case could be treated as temporary and a lower FoS accepted;
the Contractor would be on site and appropriate monitoring could be used
to implement an observational approach to the excavation depth vs aquifer
pressures.



Mapperley et al

o

OXC 2024 -
BH206

° KLS 2024

KLC 2024

(B 2024

BWL 2024

1c Reservoir
post

~ construction—
VWP data

¥ LL2024

® OXC

CB:—

® KIS

®  KLC

® CB

e BwlL

Base of Aquitard Level (mAOD)

e |l

1a Reservoir post construction — EA data in LL

——— 1b Reservoir post construction — Naturalised
model of LL

2a Reservoir in operation — EA data for LL

--------- USBR New Dam

= =—EC7 UPL

T\ FoS
= = =EC7 HYD f
Factor of Safety

Figure 4. Summary of FoS against uplift for a borrow pit level of 5mAQD. A log of
strata elevations at BH206 is included to show representative levels but the strata
elevations change across the reservoir footprint.

!
|
|
|
|
|
|
|
|
|
|
|
I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

-70

LA
.

ngham
o
Leicester

pNtry
(,avrkgf‘dge

1 )
= ‘HH s
134'?1 38l1.50

=illl= =

o

20 S0 10 1000
Vetes

122,000 @A3

Figure 5. Map of the reservoir site with the FoS for KLS and LL for a borrow pit
base at 5mAOD, labelled at grid locations where monitoring data currently is
available. © Crown Copyright and database rights 2026, 0S 100022432.



Some considerations in assessing hydraulic uplift risk for large reservoirs
on overconsolidated clays

MITIGATIONS AND RISK MANAGEMENT

If the estimated FoS against uplift is judged insufficient at any time during
construction, mitigation measures may be required to increase the FoS.
These could take a variety of forms, as follows:

e Re-filling excavations in critical locations, using stockpiled excavated
soils or abstracted water (see management of water levels below);

e Development of the borrow pit in “cells”, firstly to work at a scale that
would allow side-friction forces to be taken into account for a particular
cell, and secondly to allow easier “re-fill” in an emergency scenario, as
discussed above;

e Management of the water pressure within the underlying aquifer, which
could be achieved through the following methods:

~ installing bespoke abstraction wells within the Lincolnshire
Limestone, which will remove water from the highest-pressure
aquifer which governs the pressure of the whole system, thereby
relieving pressure from the aquifers above it by ‘under-
drainage’;

~ increasing the abstraction rate at the existing Anglian Water
abstraction wells in the area, which in turn will reduce the
pressure within the Lincolnshire Limestone;

~ a combination of installation of new wells and increase in
abstraction rate from the existing wells, possibly combined with
the use of this water, temporarily, for ‘re-filling’ excavations as
discussed above.

If any of the abstraction methods above are used, the development of a
hydrogeological groundwater model would be required to simulate the
effect of varying the abstraction rate within the LL and to estimate the
resulting pressure to be used in a revised uplift assessment. Careful
calibration of location and abstraction rate of the wells would be required to
provide a satisfactory FoS against uplift in all areas. In addition, a key
preparatory intervention is to discuss abstraction and discharge licensing
with regulators in parallel with developing the proposed construction
methods and programme.

Spatial variation of excavation level within the borrow pit may also be
explored, with excavation level deeper in the areas with higher FoS against
uplift and shallower where the estimated FoS is lower.
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SUMMARY

This paper focuses on an early study undertaken to assess the uplift risk for
the base of the Lincolnshire reservoir. The construction of the reservoir will
involve the excavation of substantial volumes of clay bedrock to
considerable depths and underlying artesian aquifers pose a risk of hydraulic
failure due to uplift of the formation clays.

In developing the assessment methodology, a number of key questions
came to light which are discussed within this paper, and summarised below;

1. Which horizon is the critical one for hydraulic uplift?

These results of the hydraulic uplift assessment provide an initial answer;
the critical horizon for the calculation of uplift risk is theoretically the top of
the Kellaways Sand stratum (KLS), and this is supported by some of the
monitoring data. Where slightly higher FoS values are calculated, this may
be due to deeper strata interface levels or lower recorded piezometric
pressures in this complex, slightly ‘leaky’, multi-aquifer system.

2. What groundwater level should be taken for each design scenario?

Given the observed variability in groundwater pressures and the influence
of reservoir operating conditions, it was not considered appropriate to adopt
a single “representative” groundwater level for all design scenarios. While
Eurocode 7 provides a general framework, it also acknowledges that for
structures of the highest consequence class, additional or amended
provisions may be required, introducing a degree of ambiguity in its
application to dam-related uplift assessments. In this context, and consistent
with the intent of considering unfavourable conditions, a range of plausible
and adverse groundwater levels have been adopted to reflect the
uncertainty in both measured and modelled data, with different values
applied to represent the governing conditions for each design scenario.
However, this approach should not be considered definitive, and there
remains a need for further monitoring and further project-specific
assessment as the design develops, a likely construction sequence begins to
emerge and any regulatory constraints become clearer. In addition, the two
available standards of assessment stand some distance apart. Therefore,
clearer guidance or standardised approaches for addressing uplift
mechanisms in high-consequence hydraulic structures would also be
beneficial.

3. Istherisk of hydraulic uplift constant across the reservoir site?

The risk of hydraulic uplift is not constant across the reservoir site. This is a
product of variation in stratigraphy owing to the regional dip of the bedrock
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strata and spatial variation in modelled and observed groundwater levels. The
KLS shows an increase in FOS from west to east, suggesting potential for deeper
excavation in the eastern area. In contrast, no clear pattern is observed in the LL,
highlighting the need for additional monitoring. Overall, the results demonstrate
that uplift risk varies across both location and strata, requiring site-wide
assessment rather than a focus on a single horizon.

This paper has highlighted the implications of uncertainty in groundwater
conditions and uplift response within a complex, multi-aquifer system. It is
recommended that groundwater levels for design are defined using a range of
plausible and adverse conditions informed by observed and modelled data,
supported by enhanced targeted monitoring to better constrain variability across
the site. This will also be linked in with the construction sequence and a thorough
understanding of any abstraction and discharge constraints. There is also a need
for updated guidance to support a more consistent and robust approach to uplift
assessment for high-consequence hydraulic structures.
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