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ABSTRACT: Many deep excavations have been recently constructed in Dublin Boulder Clay (DBC). Supports ranged from propped 
retaining walls for 25m digs to cantilevers of lower height. This paper presents Finite Element (FE) back-analysis of an ambitious 
14m single-level anchored secant pile wall for a combined commercial and residential development. Wall movements were monitored 
during construction and for 6.5 years enabling comparison between predictions and measurements. The DBC is characterised by a 
form of the Modified Cam-Clay model. Model parameters were derived from an extensive set of data now available. The long 
monitoring records allowed verification of the predictions after significant pore pressure dissipation. With time wall movements 
substantially increased and the wall became distressed. The FE results gave an insight into mechanisms of the wall behaviour and 
associated predictions provided additional confidence in the necessity for significant remedial works to ensure long-term stability. 

RÉSUMÉ : De nombreuses fouilles profondes furent récemment creusées dans l’argile à blocaux de Dublin (DBC). Les types de support 
utilisés allèrent de murs de soutènement étayés pour des excavations de 25m de haut aux murs encastrés pour retenir des hauteurs 
moindres. Cet article présente la rétro-analyse à l’aide de la méthode des éléments finis (MEF) du comportement d’une ambitieuse paroi 
en pieux sécants de 14m de haut ne comportant qu’un seul niveau d’ancrage, réalisée pour un complexe combinant du résidentiel et du 
commercial. Les mouvements du mur furent surveillés durant la phase de construction de même que pendant les 6.5 années qui suivirent, 
ce qui permit de comparer les prédictions numériques et les mesures. La DBC fut modélisée par une variante du Modified Cam-Clay. Les 
paramètres du modèle furent obtenus à partir d’une vaste base de données existante. La longue période de surveillance permit de vérifier 
les prédictions après une dissipation importante de la pression interstitielle. Les mouvements augmentèrent considérablement au cours du 
temps, compromettant l’intégrité du mur. Les résultats de la MEF nous éclairèrent sur les mécanismes liés au comportement du mur et les 
prédictions associées renforcèrent la nécessité de réaliser des travaux de réhabilitation conséquents afin d’assurer la stabilité sur le long 
terme. 
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1  INTRODUCTION 

Many deep excavations have been constructed in Dublin 
Boulder Clay (DBC) over the last decade or so. These have 
included multi propped retaining walls up to 25m deep and 
cantilevers. In the short-term, their behaviour is well understood. 
Lateral movements were relatively modest due to excavation-
induced depressed pore pressures (suctions), low permeability, 
extremely high stiffness and significant strength of DBC (Long 
et al 2012). However, their long-term behaviour is less 
understood. Several temporary excvavations have remained 
open for relatively long periods of time due to the economic 
downturn in Ireland, and there are now substantial monitoring 
data available enabling a better understanding of the reatining 
walls’ behaviour in the medium to long-term (O’Leary et al 
2016). 

In terms of design approaches, Long et al 2012 advocated 
the use of ‘undrained’ parameters in conjunction with the 
observational approach in order to optimise on the benefits of 
the high strength and stiffness of the material in the short-term. 
However, ‘undrained’ analyses cannot predict walls’ behaviour 
with time as the excavation-induced depressed pore pressures 
dissipate. They noted the need for an effective stress design 
approach to check the ultimate limit state, but effective stress 
parameters used in ‘beam-on-spring’ models significantly over 
predicted wall movements, and consequently are likely to be 
over conservative for the ‘serviceability condition’. 

In this respect, Finite Element (FE) analyses offer a 
significant advantage. Wall performance in the short and long-
term and in the transitional period in between can be accounted 

for by FE analyses in terms of effective stresses. A soil model 
incorporating coupled consolidation/ swelling and required 
model parameters for DBC is readily available (Kovacevic et al 
2008). More recently this approach has successfully reproduced 
both the short and long-term behaviour of a cantilever retaining 
wall in DBC (Kovacevic at al 2015). 

An attempt is made in this paper to analyse a single-level 
anchored retaining wall in DBC using the same approach. Long 
duration monitoring records over 6.5 years are now available 
for the 14m deep secant pile wall at the Heuston South Quarter 
site in Dublin. The wall was originally designed for the 
temporary condition only and performed very well during 
construction. However, subsequent works on the project were 
suspended due to a severe economic recession, and over the 6.5 
years the wall movements increased substantially. The wall 
became distressed and required significant remedial works to be 
carried out. The FE analyses presented verify the monitoring 
results and elucidate the mechanisms in operation 

2  SITE 

A combined commercial and residential building with a double 
level basement was supposed to be constructed at the Heuston 
South Quarter site. Topographical levels varied between 
+14mOD at the south end of the site to +6mOD at the north. 
Basement formation was at +0mOD resulting in the maximum 
retained height of 14m (see Figures 1 and 2). One row of bar 
anchors were installed. These had a safe working load (SWL), 
yield and ultimate strengths of 311kN/m, 431kN/m and 
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 515kN/m respectively. The whole project is described in more 
detail by Looby and Long 2007, and O’Leary at al 2016. 

The site consists predominantly of glacial till. For the 
purpose of FE analyses, a simplified stratigraphy was adopted: 
a 2m thick layer of the brown (weathered) DBC overlying the 
black (unweathered) DBC with the base (the limestone 
bedrock) at a depth of 30m. SPT N values are generally 
consistent with competent very stiff to hard boulder clay 
encountered in many other parts of Dublin (Long and Menkiti 
2007a, 2007b). The observed groundwater table (GWT) was at 
5m below ground level. A hydrostatic pore pressure distribution 
was assumed with suctions acting above GWT (see Figure 2). 
 

 
Figure 1. Single anchored secant pile retaining wall at Heuston South 
Quarter. Arrow indicates monitoring location. 

The ambitious single anchored retaining wall comprised 
900mm diameter hard/soft secant piles, hard piles spaced at 
1400mm. Retained height varied and the section through the 
maximum retained height of 14m was monitored and analysed 
(Figure 2). No basement slab was cast and the wall was 
monitored for over 6.5 years. The development of observed 
lateral wall movements with time is presented in Figure 3. 

3  FE ANALYSES, SOIL MODEL AND PARAMETRS 

The plane strain FE analyses reported in this paper were carried 
out using the computer code ICFEP. The FE mesh is also 
shown in Figure 2.  

 
Figure 2. Section analysed and FE mesh used.  

In the FE analyses, the bottom boundary was assumed to be 
fixed in both directions, whereas the side vertical boundaries 
were only fixed in the horizontal direction. During excavation, 
all boundaries, except the bottom boundary (the top of the 
limestone bedrock), were assumed to be impermeable. However, 

after excavation the soil surface boundaries were assumed to be 
permeable. Whereas the 5m of surface suction (49kPa) was 
maintained at the ground level behind the wall, the excavated 
surface boundary in front the wall was assumed to be a source 
of water, i.e. zero pore pressure was specified to act along it. 
The vertical side boundaries remained impermeable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Observed lateral wall movements against time. 

Eight-noded iso-parameteric elements were used with 
reduced integration. In coupled consolidation analyses only four 
corner nodes had pore pressure degree of freedom. A modified 
Newton-Raphson approach with a sub-stepping stress point 
algorithm was used to solve the FE equations (Potts and 
Zdravkovic 1999). 

A form of the modified Cam clay model (Roscoe and 
Burland 1968), which has a Mohr-Coulomb hexagon and a 
circle for the shapes of the yield and plastic potential surface in 
the deviatoric plane respectively, was used to characterise the 
behaviour of DBC. In the hydrostatic plane, the model utilised 
the Hvorslev surface, which was adopted to coincide with the 
critical state line (i.e. no cohesion), as a yield surface on the 
‘dry’ side of critical with a decreasing amount of dilation. An 
ellipse was used on the ‘wet’ side as both a yield and a plastic 
potential surface. 

Derived model parameters are listed in Table 1. They are 
similar to those adopted by Kovacevic et al 2008, 2015 in FE 
analyses of deep excavations in DBC. Validation comparisons 
of predicted and typically observed behaviour during undrained 
triaxial compression and oedometer compression and swelling 
are shown in Figures 4 and 5 respectively. Predictions matched 
the observed behaviour in the two laboratory tests quite well. 

The FE analyses started with modelling the historical 
‘drained’ surcharges of 20kPa and 30kPa for existing structures 
(Figure 2). The secant pile wall was then ‘wished-in-place’ and 
its equivalent stiffness corresponded to Young’s moduli of 
28GPa and 14GPa in the short and long-term respectively. After 
an initial excavation of 2m (the brown DBC), the capping beam 
was cast, ground anchors were installed and pre-stressed to 50% 
SWL. The anchors were modelled using bar elements. Over the 
fixed-length the bars were “pinned” to the soil at the points 
shown in Figure 2. The stiffnesses of the anchor 9.75m ‘free-
length’ and 8.5m ‘fixed-length’ bars were estimated to be 
15MN/m/m and 60MN/m/m respectively. Based on the 
measured ‘pull-out’ resistance of similar soil nails in DBC (see 
Figure 6), the tensile forces in the anchor ‘fixed-length’ bars 
were limited to a yield force of 61.7kN/m. The excavation to 
the formation level (+0mOD) was modelled as sequential 
removal of the horizontal layers in front of the wall  
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  over a short period of time (2 weeks). Increasing time steps 
were then used to model ‘swelling’ stages of the analyses to 
establish the long-term conditions. 

 
Table 1. Model parameters. 

Property Brown 

DBC 

Black 

DBC 

Bulk unit weight, γ (kN/m3) 21.0 22.5 

Specific volume at unit pressure, ν1 1.565 1.48 

Slope of virgin compression line, λ 0.04 0.03 

Slope of swelling lines, κ1 0.008 0.005 

Poisson’s ratio, μ 0.2 0.2 

Eff. angle of shearing resistance, φ’ (o) 35 38 

Coefficient of earth pressure at rest, Ko 1.5 1.5 

Overconsolidation ratio, OCR2 15-30 7-15 

Coefficient of permeability, k (m/s) 10-8 10-9 
1 High soil stiffness at small strains was accounted for in the FE 
analyses (for details see Kovacevic et al 2008). 
2 Decreasing with depth. 
3 Dilation on the ‘dry’ side of critical is assumed to vary linearly 
from φ’/8 at the mean effective stress p’=0 to zero when the 
critical state is reached. 
 

 

 
Figure 4. Predicted and observed behaviour in undrained triaxial 
compression test. 

 

 

 
Figure 5. Predicted and observed behaviour in oedometer test. 

4  RESULTS OF THE ANALYSES 

The predicted movement vectors at the end of excavation are 
shown in Figure 7. The maximum predicted movement vector is 
16.3mm and the effectiveness of the anchors in reducing ground 
movements can be clearly seen. The predicted wall deflections 
at the end of excavation and 6 years afterwards are compared 
with available measurements in Figure 8. It should be noted that 
the bottom of the inclinometer (-2mOD) is some way above the 
toe of the wall (-6mOD). In the short-term the FE analysis 
reasonably predicted the observed wall deflections. During 
subsequent swelling, the matching is less good, although the 
maximum wall deflections are comparable (around 80mm). The 
parametric studies (increased soil stiffness, higher initial Ko, 
lower soil permeability, increased anchor strength and stiffness) 
failed to significantly improve the prediction of wall deflected 
 

 
Figure 6. Measured unit skin friction at soil-grout interface during
 ‘pull-out’ tests in DBC. Wet boreholes (BH) apply to anchors. P
hoto shows 100mm diameter borehole – note rough texture.
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Figure 5. Anchor properties. 
 
 
 

 
Figure 7. Predicted movement wectors at the end of excavation. 

 
shape in the medium to long-term.  

It should be noted that the calculated Bending Moment (BM) 
capacity of the secant pile wall at the Heuston South Quarter 
was 1100kNm/m. The maximum predicted bending moments 
after 6 years of swelling were between 1200-1900kNm/m, well 
above the calculated wall capacity, indicating the potential 
formation of a plastic hinge in the wall. Indeed, a kink in the 
observed wall deflection profile after 6 years at 2 to 3m above 
the formation level pointed to this possibility (Figure 8). 

The development of predicted anchor free-length forces with 
time is presented in Figure 9. The analyses indicate that the 
anchor forces depend to a significant degree on the modelled 
stiffness and yield capacity of the anchor ‘fixed-end’ bar 
elements. On site, a ‘lift-off’ test was performed at the anchor 
head 6.5 years after excavation. The measured force was well 
above 346kN/m predicted assuming the 50% reduced stiffness 
and yield capacity of the ‘fixed-end’ anchor bar elements. 

Both the measured and predicted wall movements and 
anchor forces indicated that the single anchored secant pile wall 
at the Heuston South Quarter was heavily stressed. The 
remedial solution which was put in place to ensure the long-
term wall stability involved installation of two additional rows 
of ground anchors. The subsequent wall monitoring confirmed 
that the wall behaviour was satisfactory with no additional 
lateral displacements being observed (O’Leary et al 2016).  
 

 
Figure 8. Predicted and observed wall deflections. 
 

5  CONCLUSIONS 

The single anchored secant pile wall at the Heuston South 
Quarter in Dublin performed well during the 14m deep 
excavation. However, the lateral wall movements increased 
significantly during a subsequent 6.5 year monitoring period. 

 

 
Figure 9. Predicted anchor forces. 
 
These additional observed movements had serious implications 
for the integrity of the wall structure due to the additional wall 
bending moments.  

The FE analyses reproduced the wall movements reasonably 
well in the short-term. They did not match equally well the wall 
shape in the long term, but they indicated that the operational 
bending moments acting in the wall well exceeded the 
calculated bending moment capacity indicating that the wall 
was heavily stressed. Predicted future anchor forces were also 
high. To ensure the long-term wall stability, remedial measures 
were necessary. 

The FE results gave a very useful insight into mechanisms of 
the wall behaviour and associated predictions, particularly in 
the long-term, providing additional confidence in the necessity 
of significant remedial works to ensure wall long-term stability. 
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