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ABSTRACT 
 
Pile capacity in sensitive clays is governed by permissible long-term deformations, particularly under serviceability limit 
state conditions, and is critical for floating piles installed in soft clay, particularly in Leda clay. Settlement is controlled 
by the compressibility of the soil deposit and by variations in external conditions, such as groundwater levels or applied 
loads. Load transfer through the pile to the surrounding soil, i.e., soil–structure interaction, and the soil's ability to resist 
strain, directly influence the resulting settlement. 

Predicted load–displacement behaviour, obtained using elastic–plastic analytical methods and numerical modeling, is 
compared with results from a full-scale static load test conducted on an instrumented Expanded-Base micropile. Soil 
compressibility parameters used in the analyses were derived from conventional laboratory testing, with emphasis on 
depth-dependent parameters obtained from seismic flat dilatometer (SDMT) and static cone penetration test (CPTu) 
data. The paper highlights the need to integrate static load test data with long-term analytical predictions, providing a 
rational basis for determining pile capacity when design is governed by allowable long-term settlement. 

 
RÉSUMÉ 
 
La capacité des pieux dans les argiles sensibles est régie par les déformations admissibles à long terme, en particulier 
à l'état limite de service, et constitue un enjeu critique pour les pieux flottants installés dans les argiles molles, 
notamment l'argile de Leda. Le tassement est contrôlé par la compressibilité du dépôt de sol ainsi que par les variations 
des conditions externes, telles que le niveau de la nappe phréatique ou les charges appliquées. Le transfert des 
charges du pieu vers le sol environnant, soit l'interaction sol–structure, et la capacité du sol à résister aux déformations 
influencent directement le tassement résultant. 

Le comportement charge–déformation prédit, obtenu à l'aide de méthodes analytiques élasto-plastiques et de 
modélisation numérique, est comparé aux résultats d'un essai statique de chargement in-situ réalisé sur un micropieu 
à base évasée instrumenté. Les paramètres de compressibilité du sol utilisés dans les analyses ont été dérivés d'essais 
conventionnels en laboratoire, en mettant l'accent sur les paramètres dépendants de la profondeur obtenus à partir 
des données du dilatomètre à plat sismique (SDMT) et de l'essai de pénétration statique au cône (CPTu). Cet article 
met en évidence la nécessité d'intégrer les résultats des essais de chargement statique aux prédictions analytiques à 
long terme, offrant une base rationnelle pour la détermination de la capacité des pieux lorsque la conception est 
gouvernée par le tassement admissible à long terme. 

 



1 INTRODUCTION 
 

Pile foundations installed in sensitive clay deposits are 
frequently governed by serviceability limit state (SLS) 
performance rather than ultimate geotechnical 
resistance. In floating piles installed in Leda clay, long-
term settlement often governs allowable pile 
performance due to progressive consolidation and 
time-dependent deformation of the surrounding soil 
mass. Static pile load tests are commonly used to 
define pile capacity. However, these tests are 
conducted over short durations and under 
predominantly undrained conditions. Although 
valuable for verifying installation quality and short-term 
resistance mobilization, static load tests do not 
reproduce the long-term drainage conditions governing 
settlement performance. Consequently, interpreting 
SLS pile capacity directly from static load testing does 
not represent long-term pile settlement behaviour.  

The geotechnical challenge addressed in this study 
was encountered at an industrial facility in Gatineau, 
Quebec, where Expanded-Base (Expander Body, EB) 
micropiles were used to support an instrumented steel 
structure slab designed as weighing scale for repeated 
heavy truck loading over the intended service life of the 
structure. Expanded-base micropiles, a relatively 
recent innovative foundation approach in Canada, 
were selected to satisfy both load-carrying and 
settlement performance requirements within a 
sensitive thick layer of Leda clay deposit. 

Given the compressible and time-dependent 
behaviour of Leda clay, long-term settlement was 
identified as a governing design consideration for 
serviceability limit state (SLS) performance. While 
static load testing provides important information 
regarding short-term pile resistance and load transfer 
behaviour, its ability to directly define long-term SLS 
pile capacity remains limited in clay deposits governed 
by consolidation and deformation. 

To address this limitation, the behaviour of an EB 
micropile was evaluated through integration of full-
scale static load testing with analytical and numerical 
settlement assessments. Elasto-plastic effective stress 
analyses and three-dimensional finite element 
modelling were undertaken to evaluate pile resistance 
and long-term settlement behaviour under both short-
term and long-term loading conditions.  

A full-scale instrumented static load test provided a 
reference load–displacement response and calibration 
data for subsequent analyses. Three-dimensional finite 
element analysis using PLAXIS 3D was performed to 
simulate pile response under both undrained and 
drained conditions, while UniPile and UniSettle were 
used for analytical evaluation of pile resistance and 
settlement behaviour. 

Since analytical and numerical predictions are 
strongly dependent on the quality and reliability of soil 
strength and deformation parameters, the investigation 
program incorporated advanced in-situ testing, 
including CPTu and SDMT, in addition to conventional 
subsurface investigation methods. Soil parameters 
were derived from seismic flat dilatometer testing 

(SDMT) and cone penetration testing with pore 
pressure measurement (CPTu), providing depth-
continuous characterization of strength, stiffness, and 
consolidation properties governing long-term pile 
performance (Leroueil et al. 1983; Marchetti 1980). 
The selection, applicability, and contribution of these 
testing methods toward improving long-term settlement 
prediction and pile performance assessment are 
further discussed in this paper. 
 
 

2 EXPANDED-BASE MICROPILE SYSTEM AND 
STATIC LOAD TEST 

 
The Expanded-Base (EB) concept was first introduced 
by Bo Skogberg in Sweden in the early 1980s as a 
means of improving the toe resistance of cast-in-place 
piles without increasing their overall diameter or length 
(Broms and Nord, 1985). 

The original device consisted of a folded thin-steel 
sheet wrapped around the lower end of a steel pipe 
pile. Once the pile was installed to the target depth, 
cement grout was injected through an internal grout 
pipe, expanding the sheet into a bulb-shaped base. 
The steel skin confined the grout, preventing 
uncontrolled penetration into the surrounding soil while 
simultaneously pre-loading the pile toe and the soil 
beneath it. Formal design and installation 
recommendations were subsequently published by the 
Swedish Commission on Pile Research (Berggren et 
al., 1988). In 2004, Mario Terceros (INCOTEC S.A.) 
redesigned the device into the current generation, a 
1.0–1.5 m long, 120 mm diameter, watertight folded-
steel cylindrical tube that can be expanded from its pre-
inflation diameter to a final diameter of 300–800 mm 
depending on the model, with a companion post-
grouting option to consolidate the soil directly beneath 
the expanded base (Terceros and Massarsch, 2014; 
Fellenius et al., 2018). Figure 1 illustrates an example 
of Expanded-Base micropile setup. 

The Expanded-Base (EB) micropile system used in 
this project was intended to improve load transfer and 
soil stiffness while reducing embedment requirements 
in soft clay deposits. The tested pile consisted of a 250 
mm diameter reinforced concrete shaft incorporating a 
114 mm steel casing and a 1,200 mm long inflatable 
Expanded-Base (EB) element capable of expanding to 
an equivalent diameter of approximately 800 mm 
during installation. The expanded-base configuration 
was selected to enhance shaft and base resistance 
mobilization while improving deformation performance 
within the sensitive Leda clay deposit. 

A full-scale instrumented static load test was 
completed to characterize short-term pile behaviour 
and provide calibration data for analytical and 
numerical assessments. The test pile was loaded to a 
maximum applied load of 600 kN, followed by 
unloading and three additional loading cycles to 250 kN 
to evaluate stiffness response during reloading. 
Measurements were continuously collected using an 
automated data acquisition system connected to 
vibrating wire strain gauges installed at selected 



elevations along the pile, enabling simultaneous 
monitoring of pile response throughout loading. 

Instrumentation enabled interpretation of load 
transfer mechanisms and separation of shaft and 
expanded-base resistance mobilization during loading.  

The resulting load–displacement response and 
interpreted load transfer behaviour provided a 
benchmark for calibration of the analytical and 
numerical models developed to evaluate long-term pile 
performance under serviceability loading conditions. 
 

 
Figure 1. Expanded-base micropile setup  
(from Monteiro et al. 2021) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. CPTu and SDMT example results 
 
 

3 GEOLOGICAL CONDITIONS AND IN-SITU 
TESTING 

 
The site is located within the National Capital Region 
of Canada where post-glacial marine deposits 
associated with the Champlain Sea, commonly 
referred to as Leda clay (Champlain Sea clay), are 
widely encountered. The deposit exhibits pronounced 
compressibility and time-dependent behaviour, making 
settlement a governing design criterion (Leroueil et al. 
1983, Mitchell and Markell 1974). 

The investigation program included conventional 
borehole drilling, laboratory testing, CPTu, and SDMT 
soundings. CPTu provided continuous resistance and 
strength characterization, while SDMT provided 
constrained modulus and deformation characteristics 
governing long-term settlement response. The 
combined use of CPTu and SDMT enabled improved 
representation of depth-dependent stiffness and 
resistance parameters within the analytical and 
numerical models. Figure 2 shows a summary of 
parameters obtained by in-situ testing. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



4 ANALYTICAL METHODS OF ANALYSIS  
 

Both Elasto-plastic and finite element analyses were 
performed to evaluate the time-dependent behavior of 
the piles under the intended SLS design loads for the 
structure. Since static load testing cannot capture long-
term settlement caused by soil consolidation, 
settlement analyses were conducted under both 
undrained and drained conditions. The undrained 
analyses were used to correlate the numerical model 
with the static load test results, while the drained 
analyses were used to assess the long-term pile 
response. Finite element analyses were carried out 
using PLAXIS 3D to simulate the static load test 
conditions, calibrate the model parameters, and predict 
the long-term pile performance. Elasto-plastic analyses 
were then performed to evaluate the total and 
differential settlements of the pile foundations. 
 
4.1 Elasto-plastic Analysis 

 
For the Elasto-plastic analysis, the load transfer 
method, formalized by Coyle and Reese (1966) 
following the framework of Davisson and Gill (1963), 
models the pile as a series of elastic beam elements 
connected to the surrounding soil through nonlinear  
t–z springs along the shaft and a q–z spring at the tip. 
Each spring relates mobilized resistance to local pile–
soil displacement, reproducing the progressive 
recruitment of shaft friction and end bearing with 
increasing head load. The location along the pile where 
downward-acting negative skin friction transitions to 
upward-acting positive shaft resistance, the neutral 
plane is defined where the pile load reaches its 
maximum value.  

In this study, pile capacity and load distribution are 
computed using UniPile (Fellenius 2020), a purpose-
built program for unified pile analysis that solves 
iteratively for the neutral plane location. However, 
because long-term settlement is governed by the 
consolidation of the compressible Leda clay strata 
rather than by pile deformation alone, settlement 
analysis is carried out separately using UniSettle 
(Fellenius 2020). In UniSettle, the applied load is 
transferred to the underlying soil as an equivalent 
shallow footing at the neutral plane depth, consistent 
with the stress distribution assumed in consolidation-
based settlement calculations. Figure 3 shows an 
overview of neutral plane in UniSettle program. 

 
4.1.1 Numerical modelling. 

 
In PLAXIS 3D, the EB micropile geometry is explicitly 
represented by volume elements with different 
dimensions over the length of the micropile to capture 
the contribution of the expanded base. Figure 4 
illustrates the geometry used for numerical modelling. 
 
 
 
 
 

 

 
Figure 3. Overview of neutral plane in UniSettle 
software 
 
 

 
Figure 4. Expanded-base micropile geometry used in 
PLAXIS 3D 
 
 
4.2 Material Properties 
 
Material properties were derived from conventional 
laboratory testing supplemented by CPTu and SDMT 
results. CPTu-derived parameters improved resistance 
characterization and pile-soil interaction, whereas 
SDMT-derived stiffness parameters materially 
improved prediction of deformation behaviour 
governing long-term settlement. Key geotechnical 
parameters used in numerical modelling are presented 
in Table 1. 

In case of modeling an EB micropile, SDMT is 
mechanically more analogous to the EB micropile than 
CPT. During SDMT test, horizontal effective stress and 

Neutral plane 
Equivalent Footing 



lateral stiffness at the deformation scale directly 
relevant to base expansion are measured. On the other 
hand, CPTu replicates the stress path of a driven pile 
while advancing under pure axial symmetry and is 
known to overestimate base resistance for bored-type 
elements without stress-relaxation corrections 
(Randolph 2003, Mayne 2007). Since the  
EB micropile combines a drilled shaft with a pressure-
expanded base, CPTu captures only the former 
mechanism, while SDMT characterizes both. 

For ULS design, both in-situ techniques yield 
capacity estimates when appropriately calibrated. The 
use of DMT becomes advantageous at SLS design, 
where performance is governed by stiffness rather than 
strength. Unlike CPTu, SDMT directly yields the 
constrained modulus (Marchetti, 1980) at operative 
strain amplitudes, as well as K₀ and OCR, parameters 
that CPT-based correlations estimate with large 
uncertainty in structured sensitive clays such as Leda 
clay (Leroueil et al. 1983, Mayne 1995). SDMT 
therefore provides a more reliable and mechanistically 
consistent basis for settlement prediction of EB 
micropiles in this geological context. 

 
Table 1. Material properties used in numerical 
modelling 
 

Layer 1 2 3 4 5 6 

E50ref 
(MPa) 

28.0 7.5 18.5 12.0 15.0 15.0 

Eur 
(MPa) 

56.0 16.0 37.0 24.0 31.0 31.0 

Su  
(kPa) 

-- -- -- 
65.0 
to 

90.0 

90 to 
130.0 

130.0 
to 

150.0 
φ' 
(°) 

34.0 34.0 34.0 28.0 29.0 29.0 

c' 
(kPa) 

-- -- -- 5.0 7.0 7.0 

OCR -- -- -- 5.0 3.4 3.4 
K0 0.44 0.44 0.44 0.93 1.57 1.57 

 
 

5 RESULTS AND DISCUSSIONS 
 

5.1 Finite Element Analysis Results  
 

Figure 5 presents an example of the vertical 
displacement contours from the PLAXIS 3D model of 
the EB micropile under drained and undrained 
conditions under 790 kN of vertical load as an example.  

Under drained conditions, the computed 
displacement field extends below the expanded base, 
with settlements exceeding 25 mm below the 
expanded base. This larger displacement field reflects 
the additional volumetric compression that develops as 
excess pore pressures dissipate, and the effective 
stress state redistributes through the surrounding soil 
mass during consolidation. Under undrained 
conditions, by contrast, the displacement field 
surrounds the expanded base, with maximum 
settlement of approximately 25 mm with a zone 

extending along the depth of the expanded base. This 
is consistent with the near-incompressible volumetric 
response of the clay under rapid, short-term loading. 
This behaviour is consistent with the well-documented 
response of soft sensitive clays, in which immediate 
undrained settlement represents only a fraction of the 
total long-term deformation (Terzaghi 1943, Bjerrum 
1973, Leroueil et al. 1983). 

 

 

 
Figure 5. Vertical displacement field under (a) drained 
and (b) undrained conditions under 790 kN of vertical 
load 
 

 
5.2 Load-Displacement Comparison 

 
Comparison between measured and predicted load-
displacement behaviour demonstrated reasonable 
agreement for short-term response while illustrating 
important differences in long-term settlement 
behaviour. Long-term analyses incorporating CPTu 

(b) 

(a) 



and SDMT-derived parameters predicted larger 
settlement than indicated by the static load test alone 
due to consolidation and compressibility of the clay 
deposit. 

The results demonstrate that short-term pile load 
tests should not be interpreted directly as 
representative of long-term SLS performance. Instead, 
measured pile response should be used for calibration 
and verification of short-term pile behaviour, while 
long-term allowable performance should be governed 
by settlement analyses representative of actual in-situ 
conditions. Incorporation of CPTu and SDMT 
significantly improved analytical prediction of pile 
behaviour relative to conventional investigation 
methods alone. CPTu improved characterization of 
load transfer mechanisms and strength mobilization, 
whereas SDMT provided improved characterization of 
stiffness and deformation response controlling long-
term settlement. 

 

Figure 6. Load-displacement Results - Load Test 
versus PLAXIS output 
 
 
Comparison between measured and predicted  
load–displacement behaviour demonstrated 
reasonable agreement for short-term pile response 
while illustrating important differences in long-term 
settlement behaviour. Analyses incorporating CPTu- 
and SDMT-derived parameters predicted larger long-
term settlements than those inferred from the short-
duration static load test, reflecting the influence of 
consolidation and compressibility of the surrounding 
clay deposit under sustained loading conditions. 

The results indicate that short-term pile load tests 
should not be interpreted independently as 
representative of long-term serviceability limit state 
(SLS) performance in sensitive clay deposits. While 
static load testing provides valuable information 

regarding short-term resistance mobilization and pile–
soil interaction, long-term allowable pile performance  

should be evaluated through settlement analyses 
representative of actual in-situ conditions and time-
dependent soil behaviour. 

Incorporation of CPTu and SDMT significantly 
improved analytical prediction of pile behaviour 
compared with conventional investigation methods 
alone. CPTu enhanced characterization of strength 
mobilization and pile load transfer mechanisms, 
whereas SDMT-derived stiffness parameters provided 
improved representation of deformation response 
governing long-term settlement. The combined use of 
both methods therefore provided a more reliable 
framework for evaluating pile performance under SLS 
loading conditions. 

 
5.3 Elasto-Plastic Analysis Results 

 
Effective stress analyses were carried out to evaluate 
the EB pile capacity using soil parameters derived from 
both conventional borehole investigation and 
advanced CPTu/SDMT in-situ testing. Pile resistance 
was evaluated using the Eslami–Fellenius method 
(2000), implemented in the UniPile software. The 
analyses yielded predicted pile resistances of 
approximately 490 kN and 810 kN using conventional 
investigation parameters and CPTu/SDMT-derived 
parameters, respectively, illustrating the influence of 
improved in-situ characterization on resistance 
prediction (Figure 7). 

For assessment of time-dependent settlement 
behaviour, the analyses further indicated that although 
the pile behaves as a floating pile within the Leda clay 
deposit, the presence of the expanded-base element 
shifts the equivalent settlement influence zone closer 
to the pile toe. As a result, the equivalent footing level 
governing settlement response was estimated at 
approximately 6.8 m depth, as illustrated in Figure 8. 
This behaviour reflects the contribution of the 
expanded-base element in redistributing stresses and 
concentrating a larger portion of load transfer toward 
the lower section of the pile, thereby influencing the 
long-term settlement response. 

Based on the location of the equivalent footing and 
the soil compressibility parameters derived from 
CPT/SDMT results, the analysis indicated that for a 
load at SLS condition, a total and differential settlement 
is about 5 mm and 12mm, respectively. It should be 
noted that results based on borehole investigation 
underestimate the settlement values as compared to 
more advanced in-situ testing. 

In addition, time-dependent evaluation of piles 
settlement is evaluated as illustrated in Figure 9. The 
analysis is based on parametric correlation with static 
load test and the advanced in-situ testing of CPT and 
SDMT when used to evaluate the time-dependent 
settlement of the pile, this yielded an SLS resistance of 
250 kN. 

 



 

Figure 7. Load distribution versus depth 
 
 
6 CONCLUSIONS 
 
The study demonstrates the following: 
- Serviceability performance of floating piles in Leda 
clay is governed primarily by long-term settlement 
rather than ultimate geotechnical resistance alone.  
- Static load tests provide valuable short-term 
resistance verification but should not be interpreted 
directly as a means of defining SLS pile capacity in 
sensitive clay deposits.  
- CPTu and SDMT significantly improved 
characterization of soil behaviour and enhanced 
prediction of long-term settlement performance. CPTu-
derived strength parameters improved pile-soil 
interaction modelling, whereas SDMT-derived stiffness 
parameters materially improved settlement prediction. 
Pile capacity under SLS conditions should therefore be 
established using long-term settlement analyses 
calibrated against measured pile response and 
supported by advanced in-situ testing, rather than 
relying solely on short-term static load testing and 
conventional borehole site investigation 
 
 
 
 
 
 
 
 

Figure 8. Total and differential displacement measured 
based on analytical modelling 
 
 

 
Figure 9. Time-Dependent Settlement measured 
based on analytical modelling 
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