
  

PERFORMANCE ASSESSMENT OF LONG PILE 
CAPACITY SUPPORTED BY ROCK 

 
Jason Grenier, ing., M. ing., Fady Ghobrial, ing., Ph.D.,  
Emad Maleksaeedi, ing., Ph.D. 
Englobe Corp., Laval, Québec, Canada 

 

 
ABSTRACT 
This study is part of the expansion of a hospital located in the Cote-Nord region of the province of Quebec. It was carried 
out to design deep foundations adapted to the specific local conditions, characterized by a granular deposit of about 10 m 
over a cohesive deposit of about 50 m and then bedrock. In general, the bearing capacity of driven piles is mobilized both 
at the toe and along the shaft. For a long driven pile, the actual portion of load transmitted to the rock at the toe varies 
depending on the depth of the bedrock. The objective of this study is to evaluate the effect of soil friction on long piles 
bearing on rock, based on numerical modeling. The study is based on 23 boreholes, geotechnical properties obtained from 
laboratory tests, and simulations using Finite Element Modelling. Two types of piles were modeled in drained and 
undrained conditions, with and without applying the concept of critical depth. According to the obtained results, the lateral 
friction is the dominant mechanism. Without considering critical depth concepts, the magnitude of the load applied at the 
pile group head would not be sufficient to achieve significant load transfer to the rock at the toe. Percentages ranging from 
2% to 6% were obtained depending on the scenarios analyzed. Results ranging from 28% to 41% were obtained when 
limiting friction to a depth corresponding to 15 times the pile diameter. The results highlight the significant impact of critical 
depth concepts in design. It was revealed that an approach based solely on toe capacity can lead to overdesign in case of 
deep pile on rock. The risk that the pile behaviour differs from the analyzed scenarios must be considered. Therefore, 
implementing a pre-production testing program was recommended. In conclusion, soil friction plays a major role in the 
capacity of long piles bearing on rock. Analyses using PLAXIS 3D allowed recommendations to be made to optimize 
design. Pre-production tests were recommended to validate the used assumptions. 
 
RÉSUMÉ 
Cette étude s’inscrit dans le contexte de l’agrandissement d’un hôpital situé dans la région de la côte nord de la province 
de Québec. Celle-ci est réalisée pour concevoir des fondations profondes adaptées aux conditions locales particulières se 
caractérisant par un dépôt granulaire d’environ 10m sur un dépôt cohérent d’environ 50m et sur un roc. En général, la 
capacité portante des pieux battus est mobilisée à la fois en pointe et le long du fût.  Pour un long pieu battu, la portion 
réelle transmise en pointe au roc demeure incertaine. L’objectif de cette étude est d’évaluer l’effet de la friction des sols 
sur des longs pieux appuyés sur le roc en se basant sur des modélisations numériques. L’étude repose sur 23 sondages, 
les propriétés géotechniques obtenues à partir d’essais en laboratoire et des simulations à partir du logiciel PLAXIS. Deux 
types de pieux ont été modélisés en modes drainé et non drainé, avec et sans l’application des notions de profondeurs 
critiques.  Selon les résultats obtenus via le logiciel PLAXIS, la friction latérale constitue le mécanisme dominant. En ne 
considérant pas les notions de profondeurs critiques, l’ampleur de la charge appliquée à la tête des groupes de pieux ne 
serait pas suffisante pour envisager une transmission significative de la charge en pointe au roc.  Des pourcentages de 
l’ordre de 2 à 6% ont été obtenus selon les différents scénarios analysés.  Des résultats de l’ordre de 28 à 41% ont été 
obtenus en limitant la friction à une profondeur correspondante à 15 fois le diamètre du pieu. Toutefois, les résultats CPT 
ne semblent pas démontrer l’applicabilité de ce phénomène.  Les résultats soulignent l’impact important des notions de 
profondeur critique dans la conception.  Une approche basée uniquement sur la capacité en pointe peut entrainer un 
surdimensionnement.  Les risques que le comportement des pieux soit différent de ceux analysés doivent être considérés. 
De ce fait, la mise en place un programme d’essai de préproduction a été recommandé.  En conclusion, la friction des sols 
joue un rôle majeur dans la capacité des pieux longs appuyés sur le roc. Les analyses via PLAXIS ont permis d’émettre 
des recommandations afin d’optimiser la conception et d’émettre des recommandations.  Des essais de préproduction ont 
été recommandés afin de valider les hypothèses utilisées.  
 
 
1 INTRODUCTION 
 
Deep foundations bearing on or driven to rock are 

commonly used when near‑surface soils exhibit low 
bearing capacity or settlements incompatible with 
serviceability criteria. The axial capacity of driven piles is 
generally considered to result from the combined 
contribution of shaft friction and end bearing; however, full 
load transfer requires pile displacement (Coyle & Reese, 
1966), and the respective contributions of these 
mechanisms depend on pile geometry and subsurface 

conditions. If the bedrock is present at reasonable depth, 
resistance is typically mobilized rapidly at the pile toe with 
limited shaft contribution, and practically the entire load is 
transferred to the bedrock. Whereas for long piles driven to 
rock through thick deposits of soft soils, the actual 
proportion of load transmitted to the rock remains difficult 
to quantify. In practice, the design of piles driven to hard 
rock is controlled by the structural capacity of the piles 
(Hannigan et al., 2016) and the geotechnical capacity, 
when estimated, is completely estimated from the rock 
properties (Das, 2024; Hannigan et al., 2016; The 



 

Canadian Geotechnical Society, 2023). For this case, the 
uncertainty is amplified by poorly defined pile–rock 
interaction parameters, including the effective contact area 
at the pile toe, the depth of penetration into rock, and the 
quality and structure of the rock mass at the pile–rock 
interface, all of which may be altered during driving. The 
distinction between soft and hard rock remains imprecise, 
as commonly used classifications rely primarily on 
drivability rather than clearly defined mechanical 
properties. Field studies have shown that pile behaviour 
varies markedly with rock type: piles driven to hard, intact 
rock frequently develop very high toe stresses and are 
often governed by structural resistance, whereas piles 
driven into soft or weathered rock exhibit lower and more 
variable capacities controlled by geotechnical factors; see 
for example Hannigan et al. (2016); Pile Buck Inc. (2006); 
and The Canadian Geotechnical Society (2023). Rock 
mass characteristics such as jointing, weathering, and 
infilling strongly influence the ability of the rock to sustain 
concentrated toe loads, while driving through weak or 
fractured rock may reduce shaft resistance and increase 
reliance on toe resistance. Consequently, although 
empirical shaft and toe resistance values are available for 
preliminary assessments, reliable design of long piles 
driven to rock generally requires static or dynamic load 
testing supported by pile driving observations and local 
experience (Pile Buck Inc., 2006). 

The concept of critical depth was introduced to limit the 
increase in effective stresses and, consequently, the unit 
shaft friction resistance beyond a certain depth. However, 
the applicability of this concept under complex geological 
conditions remains debated. Hence, evaluating the shaft 
resistance without applying the critical depth is also 
evaluated. 

This paper aims to evaluate the axial behaviour of long 
piles bearing on bedrock using numerical modelling, with 
an emphasis on the distribution of load between shaft 
friction and the pile toe.  

 
2 SITE CONDITIONS AND SUBSURFACE 

CHARACTERISATION 
 
2.1 Site Description and Investigation 
 
The study site is located in the Sept-Îles region, Québec, 
and is associated with the expansion of an institutional 
building. The geotechnical investigation was carried out in 
two distinct phases, consisting of a total of twenty-three 
boreholes, including a few boreholes advanced into the 
bedrock, installation of pneumatic piezometers, field vane 
shear tests using Nilcon apparatus, and piezocone 
penetration tests (CPTu). 

 
2.2 Stratigraphy and Geotechnical Properties 
 
The general stratigraphy can be summarized as a granular 
deposit consisting mainly of sand to gravelly sand, with 
very loose to medium density, and an average thickness of 
approximately 10 m. This is underlain by a layer of sandy 
silt to silty sand, with loose to medium density, extending to 
a depth of approximately 18 m. Beneath the granular 
deposits, a cohesive deposit is encountered, composed 

mainly of clayey silt to silty clay, with firm to stiff consistency 
and reaching a thickness of approximately 30 to 32 m. The 
underlying bedrock consists of anorthositic gabbro of fair to 
excellent quality.  

The granular deposits have unit weights ranging from 
16.5 to 17 kN/m³ and an internal friction angle between 30 
and 33 degrees. The cohesive deposit has approximate 
unit weight of 18 kN/m³ and undrained shear strength, su, 
of 70 to 75 kPa. The bedrock has a unit weight of 28 kN/m³ 
with uniaxial compressive strength values ranging from 106 
to 219 MPa and RQD values ranging from 63 % to 100 %, 
but generally greater than 75%. 

Short-term piezometric readings indicate groundwater 
at approximately 4.14 to 4.48 m below ground surface (bgs) 
in the 2022 standpipe observations (six boreholes). In 
2024, pneumatic piezometer and CPT dissipation data are 
consistent with a groundwater level on the order of ~3.6 to 
4.8 m bgs (depending on measurement depth and 
location). Hence, groundwater observations indicate that 
the water table is typically located at approximately 4.0 
– 5.0 m below ground surface.  

 
3 METHOD OF ANALYSIS 
 
3.1 Pile Types and Analysis Scenarios 
 
Two pile types were used in the analysis: HP10×57 
(HP250x85 in metric units) piles driven to refusal on 
bedrock, and HP12×84 (HP310x125 in metric units) piles 
driven to refusal on bedrock. The properties of the piles are 
obtained from CISC (2017). The analyses generally 
included four scenarios: 

• Single performance of pile HP10x57, 

• Single performance of pile HP12x84, 

• Group performance of three piles subjected to a 
maximum load of 4,823 kN, and 

• Group Performance of four piles subjected to a 
maximum load of 4,313 kN.  

All analyses were carried out in a combined drained and 
undrained conditions. All piles in all scenarios have a total 
length of 48 m and bear on rock. The analyses were carried 
out with and without application of the critical depth concept 
defined as 15 times the pile diameter. However, for the 
sake of simplicity and conciseness, only the results of 
single pile HP12x84 and group performance of three piles 
will be presented hereafter.  

The group performance was mainly assessed using 
PLAXIS 3D while the performance of single pile was 
assessed with analytical methods, RSPILE and GRLWEAP   
In the former analyses, the applied group load was 

introduced either (i) at the pile‑head/pile‑cap level or (ii) 
directly on the individual piles by distributing the total load 
equally among the piles. The results presented in this study 
only concern the ones with the presence of the pile-cap. 
 
3.2 Critical Depth in Pile Design 
 
The critical depth concept refers to a theoretical depth 
beyond which shaft and toe resistances, qs and qt, are 
assumed to remain constant. Although it is widely used in 
static and semi-empirical methods and required by several 
standards and design codes, its origin is mainly based on 



 

theoretical considerations rather than on systematic in-situ 
observations. Some full-scale tests conducted by (Vesic, 
1970) support and recommend its use, whereas other 
authors, such as Fellenius & Altaee (1995) and Tomlinson 
(1986), do not recommend it. This concept remains the 
subject of debate to this day. In the case of very long piles, 
limited information is available in the literature regarding its 
applicability in this specific context. The concept is 
mentioned by the commentary of a few codes like CSA 
(2025) which informs the designer about that controversial 
concept. 
 
3.3 Estimation of Pile Capacity using Static Methods 
 

The static calculation method is based on the 
estimation, in effective stress terms, of the side friction 
using the coefficient β and of the pile toe resistance using 
Nt, with or without the application of the critical depth 
concept. It allows the evaluation of the depth at which axial 
loads are mobilized within the soil deposits. In cases where 
the applied load is not fully mobilized within the soils, it is 
anticipated that the remaining load would be transferred to 
the pile toe bearing on rock.  

The ultimate geotechnical resistance in compression is 
obtained using the Equation (1). 

 

𝑅𝑢 = (∑𝐶

𝐿

𝑧=0

× 𝑞𝑠 × ∆𝑧)
⏟            
𝑠ℎ𝑎𝑓𝑡 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒

+ 𝐴𝑡 × 𝑞𝑡⏟    
𝑡𝑜𝑒 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒

 
[1] 

Where:  

𝑞𝑠 = 𝛽 × 𝜎′𝑣 [2] 

𝑞𝑡 = 𝑁𝑡 × 𝜎′𝑡 [3] 

Where:  

Ru = Ultimate axial geotechnical resistance (kN), 

L = Embedded length of the pile (m), 

z = Subdivision increment of the pile embedment 
length (m).  

C = External circumference of the pile (m), 

qs = Ultimate shear resistance along the 

shaft/Ultimate shaft Resistance (kPa), 

β  = A combined shaft resistance factor, 

𝜎𝑣
′ = The vertical effective stress (kPa), 

At = Base area of the pile toe (m²), 

qt = Ultimate toe bearing resistance of the pile base 
area (kPa), 

Nt = The toe bearing resistance coefficient, 

𝜎𝑡
′ = The vertical effective stress at the pile toe (kPa). 

 
The concept of critical depth is applied by limiting the 

values of 𝜎𝑣
′. 

The analyses were carried out using analytical methods 
and RSPile software. The latter allows the determination of 
the load mobilized along the pile shaft and at the pile toe 
using the β‑method for shaft resistance and the Nt factor 
for toe resistance. For the sake of analysis, the critical 
depth concept was applied to limit the mobilisation of shaft 
shear resistance, qs. 

 
3.4 Numerical Modelling 
 
Three-dimensional finite element numerical modelling and 
driving simulation were carried out using PLAXIS 3D by 
Seequent, RSPILE from Rocscience and GRLWEAP by 
Pile Dynamics Inc software, respectively.  The numerical 
modelling aimed to evaluate the axial behaviour of pile 
groups under different loading conditions. The models 
incorporate the actual site stratigraphy, the measured or 
estimated geotechnical parameters, as well as constitutive 
laws adapted to granular and cohesive soils. 

 
3.4.1 Numerical modelling with PLAXIS 3D 
 
A three‑dimensional finite‑element model was developed in 
PLAXIS 3D to investigate the axial response of driven steel 
pile groups terminated on bedrock, with emphasis on 
quantifying the relative contributions of shaft resistance and 
toe resistance and more precisely to assess the 
contribution of shaft resistance.  

The soil and rock mass behaviour was simulated using 
constitutive models implemented in PLAXIS 3D. Granular 
deposits were modelled with a Mohr–Coulomb formulation 
under drained conditions. Cohesive deposits were 
represented using Modified Cam-Clay for drained analyses 
and Mohr–Coulomb for undrained analyses.  

Unit weights and elastic stiffness parameters were 
selected to provide a coherent stiffness profile for 
settlement response, while plasticity and strength 
parameters were assigned to reflect the expected drained 
and undrained shear behaviour of each unit. For the 

Modified Cam‑Clay representation of cohesive soils, 
compressibility parameters were derived from 

one‑dimensional indices using λ = Cc/2.3 and  = Cr/2.3; 
the adopted indices were Cc = 0.33 and Cr = 0.03 giving 
λ ≈ 0.144 and κ ≈ 0.013 for the normally consolidated clay, 
and Cc = 0.48 and Cr = 0.025 giving λ ≈ 0.20 and κ ≈ 0.011 
for the slightly overconsolidated clay. Additional inputs 

included Poisson’s ratios in the range  = 0.30 – 0.33 and 
initial void ratios of approximately eo ≈ 0.55 for 
medium‑dense sand, eo ≈ 0.70 for loose silty sand/sandy 
silt, and eo = 0.87 - 1.04 for the cohesive unit, together with 
representative undrained shear strengths of su ≈ 75 kPa for 
the cohesive layers used in the undrained simulations. 

Pile–soil interaction was represented using an interface 
reduction approach to account for reduced shear transfer 
at the soil–pile contact. A reduction factor, Rinter, of 0.5 was 
adopted for both granular soils and undrained cohesive 
behaviour (adhesion). The piles were modelled as 
linear-elastic steel elements with an elastic modulus of 
200 GPa. 

 
 
 



 

3.4.2 Numerical modelling with GRLWEAP 
 
The model was developed using the GRLWEAP software, 
applying the Soil Analysis (SA) method based on SPT‑N 
values. However, instead of estimating parameters from 

SPT‑N values, the material properties were evaluated 
using laboratory test data. 

The unit shaft resistance, fs, in granular soils is 
computed using Equation (4), which is identical to Equation 
(2) except that the β parameter is explicitly defined using 

the ko and tan . 
 

𝑓𝑠 = 𝑘0𝑡𝑎𝑛𝛿𝜎𝑣
′ [4] 

 
Where 
ko = The earth pressure coefficient at rest, 

 = The pile-soil friction angle (degrees). 

 
The concept of critical depth is not considered in the 

calculation; however, the value of fs is systematically limited 
to 250 kPa as calculated based on analytical methods. 

The unit shaft resistance in cohesive soil is computed 
using the following equation: 
 

𝑓𝑠 = 𝛼𝑠𝑢 [5] 

 
Where 
𝑠𝑢 =  Undrained shear strength, 

𝛼 =  An empirical adhesion coefficient. The software 
uses the values provided by (Tomlinson, 1980) 
and available in some later editions like 
(Tomlinson, 1994) 

 
Unit toe resistance in granular soils, qt, is primarily 

evaluated from soil properties particularly the effective 
friction angle, ϕ′ specified directly or from the uncorrected 
SPT N-values and is calculated using Equation (6). 

 

𝑞𝑡 = 200𝑁 𝑜𝑟 𝑁𝑡𝜎𝑣
′ [6] 

 
Where 

𝑁𝑡  =  The toe resistance coefficient from (Fellenius, 
2014, 2026) 
𝜎𝑣
′ =  The vertical effective stress 

 
The concept of critical depth is not explicitly considered 

in the calculations; however, the value of qt is 

systematically capped at 12,000 kPa for well‑graded gravel 
as well as unknown or poorly graded gravel, 20,000 kPa for 
sand, and 30,000 kPa for gravel, in accordance with 
(Meyerhof, 1976). 

Whereas. the unit toe resistance in cohesive soils is 
computed based on either the uncorrected SPT N-value or 
the undrained shear strength, su, using equation (7) 
 

𝑞𝑡 = 54𝑁 𝑜𝑟 9𝑠𝑢 [7] 

 
 
 
 

4 RESULTS 
 
4.1 Load Distribution along the Single Pile 
 

Conventional static analyses evaluate axial resistance 
by computing the unit shaft resistance along the pile and 
the unit toe resistance at the pile toe and then summing 
these contributions to obtain the total geotechnical 
resistance. In this study, the emphasis is placed on the 
shaft component, because the objective is not to predict a 
geotechnical toe resistance governed by the overlying soil 
profile, but rather to compare the shaft resistance 
estimated using conventional methods with that obtained 
from finite element modelling, and thereby assess how 
much of the applied load can be mobilized in shaft friction 
before significant load is shed to the pile toe. Consistent 
with the methodology adopted, when the applied load is not 
fully mobilized within the overburden soils, the non-
mobilized portion is transferred to the pile toe at bedrock, 
which is the governing boundary condition for rock-bearing 
piles.  
 
 

 
Figure 1. Ultimate shaft resistance determined by Static 
analysis  
 
 



 

Figure 1 shows the results of the static analysis. It is noticed 
that the load distribution is sensitive to the application of the 
critical depth concept. When the critical depth is 
considered, the proportion of load transferred to the pile toe 
becomes noticeable, reaching a percentage of about 19% 
of the applied load per pile, and the load transmitted by 
shaft friction is about 81%. Conversely, when the critical 
depth concept is ignored, more shaft resistance is allowed 
to develop over the full embedded length of the pile, 
resulting in a null contribution of the toe resistance. 
Furthermore, the full load is transferred at a depth of 
approximately 22 m. These results are in general 
agreement with the finite element analysis performed using 
PLAXIS, as summarized in Table 1. These results highlight 
the strong influence of modelling assumptions adopted in 
traditional static approaches on the predicted load transfer 
mechanism, particularly for long piles founded on rock. 

 
 

 
Figure 2. Ultimate shaft resistance determined using 
RSPile software 

 
 
In figure 2 where the RSPile results are presented, the 

influence of the critical depth concept on axial load transfer 
predictions can be observed. When the critical depth is 
considered, a limited portion of the applied load is 

transferred to the pile toe, with a percentage of about 23 %. 
This indicates that, although shaft resistance remains the 
dominant load-carrying mechanism, the imposed limitation 
on mobilized shaft resistance allows partial mobilisation of 
toe resistance once the critical depth is exceeded. In 
contrast, when the critical depth concept is not applied, 
shaft resistance is permitted to develop over the full 
embedded length of the pile, resulting in the complete 
dissipation of the applied load through side friction and no-
load transfer to the pile toe. Moreover, the full load is 
completely transmitted at a depth of about 31 m. These 
results highlight the conservative tendency of traditional 
load-transfer methods such as RSPile to predict negligible 
toe resistance for long piles founded on rock unless 
modelling constraints are imposed on shaft resistance 
development. 

 
 

 
Figure 3. Ultimate shaft resistance determined using 

GRLWEAP software 
 
 

The GRLWEAP results, presented in Figure 3, highlight 
a markedly different load transfer behaviour compared to 
the static and RSPile analyses. When the critical depth 
concept is applied, shaft resistance contributes only a 
limited portion of the applied load, reaching approximately 
24%, with the remaining 76% transferred to the pile toe. 



 

This indicates a significantly greater reliance on end 
bearing under this assumption. In contrast, when the critical 
depth is not considered and a capped shaft resistance is 
adopted, the shaft is capable of mobilising the full applied 
load; however, this occurs at a greater embedment depth, 
37 m, than predicted by the static and RSPile approaches, 
suggesting a less efficient load transfer mechanism in 
terms of penetration. This behaviour reflects the dynamic 
nature of the GRLWEAP analysis, in which large stresses 
and displacements developed during driving promote 
enhanced mobilisation of toe resistance. These results 
highlight the sensitivity of GRLWEAP predictions to 
modelling assumptions related to shaft resistance 
limitation, as well as the fundamental differences between 
dynamic driveability analysis and static or 
load-transfer-based approaches in estimating axial load 
distribution. 

 
4.2 Load-settlement Distribution along the Group Pile 
 
Based on the results of PLAXIS 3D as shown in figures 4 
and 5, the vertical total displacement of the group pile using 
alpha and beta methods, respectively ranges between 17 
mm and 30 mm. The results indicate that enforcing the 
critical depth concept has an effect on the magnitude of the 
total displacement at the pile cap level. In Figures 4 and 5, 
the application of the critical depth concept increases the 
total displacement by about 30%. Moreover, the spatial 
distribution of settlements in the surrounding soil differs 
markedly. In Figures 4 and 5, the horizontal extension of 
the vertical total displacement bulbs is comparably the 
same if the critical depth is considered or not and is not 
exceeding 10 % - 15 %.  When critical depth is applied, the 
settlement field remains relatively confined vertically up to 
half of the pile length and a localized zone of deformation 
at the pile toe in the case of the drained condition (Figure 
5b).  

Regarding the load transfer, Table 1 summarizes the 
average force at the pile toe in different carried out 
analyses. When the critical depth concept is not considered 
the numerical results indicate that shaft resistance 
mobilized almost the entire applied load. In this case, load 
transfer to the pile toe at the rock interface remains very 
limited to negligible. The value of the average force is 
estimated at 26 kN to 75 kN in drained and undrained 
condition, respectively. These values do not exceed 5 % of 
the pile load. This response reflects a progressive and 
extensive mobilisation of side friction along the pile shaft, 
which masks the development of end bearing at the pile 
base. 

In contrast, when the critical depth concept is 
introduced to the modelling by limiting the shaft resistance, 
a significant redistribution of load transfer mechanisms was 
observed. As a result, the contribution of end bearing at the 
rock interface increases substantially. The value of the 
average force is estimated at 281 kN to 537 kN in drained 
and undrained condition, respectively. These values 
represent about 18 % - 33% of the pile load. This behaviour 
highlights the importance of accounting for critical depth 
effects in numerical modelling considering the context of 
which this notion is being applied. 
 

 

  

  

Figure 4. Plaxis 3D: Vertical total displacement of a group 
of 3 piles in undrained condition (a) without critical depth 
(b) with critical depth 
 
 
5 DISCUSSION 
 
In practice, rock‑bearing driven piles are often designed 
primarily on the basis of bedrock bearing capacity and the 
structural resistance of the pile section, with the design 
typically attributing the whole load to toe bearing at 
bedrock. The findings of this study indicate that the toe 
contribution at bedrock can differ tangibly from this 
common assumption and is sensitive to key project‑specific 
variables, including the magnitude of the applied load, pile 
geometry, and subsurface stratigraphy and properties. The 
results also show that the predicted load sharing between 
shaft friction and toe bearing is strongly influenced by 
whether the critical depth concept is adopted (and whether 
it is applicable to the site conditions), which can 
significantly change the inferred proportion of load 
transferred to bedrock. 
When the critical depth concept is not considered, the 
traditional static approach estimates that for long pile, the 
load would not be transmitted to the pile toe. The same 

(a) 

(b) 



 

result is obtained using commercial software RSPile and 
GRLWEAP. FE analysis showed that a proportion of the 
total pile load not exceeding 5% would be transferred to the 
pile toe bearing on the bedrock. When the critical depth 
concept is considered, the static approach evaluates that 
the proportion of load transferred to the pile toe will be 
around 19% and a close result was also obtained from 
RSPile, 23%. Similar results were obtained from Plaxis FE 
analysis. However, GRLWEAP overestimates the 
proportion transferred to the pile toe due to the imposed 
capping value on the skin friction. 
 
 

  

  
Figure 5. PLAXIS 3D: Total displacement of a group of 3 
piles in drained condition (a) without critical depth (b) with 
critical depth 
 
 
Table 1. Average force at the pile toe from Plaxis analysis 
 

 Average force at the pile toe (kN) 

 Undrained Analysis Drained Analysis 

With critical 
depth 

281 kN 537 kN 

Without 
critical depth 

75 kN 26 kN 

 
 
 

The different analysis methods demonstrated 
significant variability in the determination of the proportion 
potentially transferred to the pile toe. The application or 
non‑application of the critical depth concept may influence 
the percentage of load transferred to the pile toe. The 
actual contribution of the pile toe bearing on rock should be 
evaluated with caution for long piles. Semi‑empirical 
methods should be complemented by numerical analyses 
when conditions deviate from standard cases. Finally, a 

pre‑production testing programme (static or dynamic load 
tests) is essential to validate the design assumptions and 
reduce uncertainties. 

From a design perspective, the results of this study 
carry several practical implications for long piles driven to 
rock through thick deposits of soft soils. First, the 
conventional assumption that piles bearing on rock can be 
designed solely on the basis of toe capacity is shown to be 
overly conservative when shaft resistance can be 
adequately developed along the pile length. The numerical 
analyses indicate that shaft friction for long pile can absorb 
the overwhelming majority of the applied serviceability load 
if critical depth notion is not applied in the design. 
Therefore, designing exclusively for toe capacity in such 
conditions may result in significantly oversized foundations, 
with unnecessary cost implications. 

Second, the application of the critical depth concept is 
shown to fundamentally alter the predicted load-transfer 
mechanism. When critical depth is enforced at 15 times the 
pile diameter, shaft resistance is artificially capped in the 
lower portion of the pile, forcing a substantially greater 
share of the load toward the toe. The resulting toe 
contributions of 18 to 33%, compared to 0 to 5% without 
critical depth, represent a qualitative shift in the design 
model. 

 
6 CONCLUSION AND RECOMMENDATIONS 
 
This study highlights the predominant role of shaft friction 
in the bearing capacity of long piles bearing on rock. 
Numerical modelling shows that, without artificial limitation 
of side friction due to the application of critical depth notion, 
the load transferred to the pile toe remains low, despite 
reaching bedrock. The use of the critical depth concept 
may increase this contribution. However, its applicability 
must be validated using field data such as the pile load test 
or CPT test. 

In practice, an integrated approach combining detailed 
investigations, the use of a traditional approach combined 
with numerical modelling, and load testing remains the 
most reliable strategy for optimising the design of deep 
foundations. 
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