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ABSTRACT: The development of Prefabricated Diaphragm Walls (P. D. W.) inspired an innovative self-drilling hollow pile system 
to enhance efficiency in geotechnical construction. This study develops a novel numerical model to estimate axial friction during the 
installation of self-drilling hollow piles. The model, which simulates axial forces and bending moments under eccentric loading, is 
validated by comparing its predictions with compression forces measured during full-scale field tests. Results show an average axial 
friction of approximately 6 kPa for the first 8 meters of depth in cohesive soils, validated by a close convergence between modeled and 
measured compression forces. The proposed model effectively captures pile-soil interaction, offering a good initial framework for 
optimizing self-drilling hollow piles installation. 

 
1 INTRODUCTION 

Inspired by innovative solutions in underground retaining 
structures, NGE Foundations, in collaboration with the RRO 
Laboratory at Université Gustave Eiffel, developed an 
innovative self-drilling system to optimize the installation of 
prefabricated diaphragm walls. This system uses modular 
prefabricated bricks, each containing seven hollow cavities 
depicted in Figure 1 (a). A retractable drill head creates a 2-cm 
void space around the brick, reducing axial friction during 
installation. To investigate over-excavation’s effect on axial 
friction, full-scaled field tests were conducted in clayey soil 
using 4-meter-long hollow pile elements, each simulating one 
cavity, measuring compression axial forces at element 
connections with three load sensors. 

(a)         (b)  
Figure 1. Schematic representation of one modular prefabricated 
brick; (b) PREFO process installation for bricks using the self-drilling 
method. 

Initial force equilibrium analysis revealed apparent negative 
friction values, indicating misinterpretation due to bending and 
tensile forces at connections. To address this, an inverse 
approach was adopted, incorporating an assumed friction law 
to predict compressive forces at connections. These predictions 
are then iteratively compared with field measurements, and the 
friction law is refined until convergence is achieved. The 
compressive forces are estimated using a numerical model 
based on Winkler and Hetényi beam-on-elastic-foundation 
approach, chosen for its suitability to simulate pile-soil 
interaction and bending moments under the eccentric driving 
loads.  

This study presents the field testing, methodology, and 
results of evaluating installation friction in self-drilling hollow 
piles. 

2 BACKGROUND AND OBJECTIVE 

NGE Foundations is developing a new diaphragm wall 
construction system based on 3.6 × 3.0 m prefabricated 
elements. To optimize concrete consumption, the bricks are 
designed with hollow cavities. The PREFO process uses these 
spaces to house auger drills adapted with a retractable drill 
head. As the bricks are progressively assembled, the augers 
simultaneously over-excavates and extract soil, allowing the 
column to descend as shown in Figure 1 (b). Once the required 
depth is reached, the drill head retracts and is recovered through 
the hollow cavity. While this design enhances installation 
efficiency by creating a void around the brick, it also modifies 
the soil-element interface, consequently reducing the axial 
friction generated during installation. 

The over-excavation method, similar to DPC piles, uses a 
retractable drill head to drill, extract soil, and drive elements 
downward (Chen et al., 2018; Hou et al., 2020). Unlike DPC 
piles, which use grout injection for lateral resistance (Tang et 
al., 2020; Hou et al., 2024), our method omits grouting, as 
diaphragm walls are designed to resist lateral soil pressure, not 
axial forces.  

The key geotechnical challenge is to accurately quantify 
the axial skin friction that resists the installation of the 
prefabricated bricks. This friction increases over time, making 
driving more difficult. To study this soil-element interface, 
NGE Fondations designed hollow cylindrical elements that 
simulate the brick's individual cavities and replicate the over-
excavation method. 

3 FIELD TEST AND TECHNIQUE DESCRIPTION 

Full-scale tests were conducted in clayey soil at Saint-Julien 
l'Ars, France, using four instrumented hollow piles. The piles, 
which were 4.0 m long and weighed 1.7 tons, had outer (𝐷௘) 
and inner (𝐷௜) diameters of 0.60 m and 0.30 m, respectively 
depicted in Figure 2 (a). The hollow elements are identified 
with the driving order progressing from Element No. 4 to No. 
1, and were joined using a male-female coupling system with 
eight surrounding bolts as shown in Figure 2 (b).  

As shown in Figure 3, an auger drilling rod with a 
retractable drill head passes through the hollow pile to be 
driven, all connected to a drilling machine. Once extended, the 
drill head provides a diameter of 0.64 m, resulting in a 2 cm 
over-excavation distance between the soil and the pile. The 
auger and the pile element are then connected to the machine, 
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and the driving process begins. Throughout the test, a free 
distance (ℎ௙) between the drill head and the lower end of guide 
element No. 5 was maintained at 40 cm. After the initial guide 
element (No. 5) was driven, the remaining hollow piles were 
installed in the previously mentioned sequence. This process 
achieved a total depth of 20 meters. 

 

a)              (b)  
Figure 2. (a) Hollow pile dimensions and elements; (b) Connection 
procedure between hollow piles in the screw joint. 

(a)     (b)  
Figure 3. The drill head in its (a) contracted and (b) extended states, 
under the hollow element No. 5.  

During drilling, eight soil samples were taken to assess the 
composition and properties of the ground. Three main layers 
were identified (predominately clay soil). Atterberg limit tests 
were performed on several samples to analyze plasticity and 
moisture content. 

4 METHODOLOGY 

4.1 Direct friction estimation 
Axial friction in self-drilling hollow piles is estimated 

using axial load differences, as direct measurement is not 
feasible. For the 𝑛th element, ൫𝐹௦௨௣൯௡ and ൫𝐹௜௡௙൯௡ are reaction 

forces at the upper and lower parts, respectively, Figure 4 (a). 
In sequential driving, ൫𝐹௦௨௣൯௡ equals ൫𝐹௜௡௙൯௡ିଵ as shown in 

Figure 4 (b). Instant local axial friction is calculated via force 
equilibrium: 

𝑓௦೙ ൌ
൫𝐹௦௨௣൯௡ ൅𝑊 െ ൫𝐹௜௡௙൯௡  

𝐴௡
 (1) 

Where: 
𝑓௦೙: Instant local axial friction generated along the shaft 

of hollow element 𝑛, [kPa] 
൫𝐹௦௨௣൯௡: Total axial force recorded in the upper part of the 

element 𝑛, [kN]. 
൫𝐹௜௡௙൯௡: Total axial force recorded in the lower part of the 

element 𝑛, [kN]. 
𝐴௡: Area of the shaft in element n, calculated as 𝜋 ∙ 𝐷௘ ∙

𝐿௧. Here, 𝐿௧ varies with respect to the time/embedment depth, 
[m2].  

𝑊: Weight of each element, equal to 17 kN 

(a)    (b)  
Figure 4. Acting forces consideration in element 𝑛 at two different 
instants, when: (a) the element is coupled to the machine and, (b) the 
element already driven and coupled to element 𝑛 െ 1, in the male 
extremity. 

This approach, termed the direct method, calculates friction 
directly from axial load measurements obtained during field 
tests. 

4.2 Instrumentation 

Three load sensors, positioned at 120° intervals within the 
female connection of each hollow pile element, were used to 
capture axial compression forces. These sensors were 
connected to a wireless micro-data logger, which recorded data 
at 100 Hz. The logger was activated before installation and 
turned off after the pile's extraction, at which point the data was 
downloaded. Knowing the precise location of each sensor 
allowed for detailed analysis of the load distribution. The axial 
force measurements are transmitted exclusively through the 
load sensors. Thus, when the machine applied pressure to the 
element the only point of contact is between the load sensors 
and the male extremity plate. 

 
Figure 5. Instrumentation arrangement in hollow element, female 
extremity. 

4.3 Local friction estimation results 

Figure 6 display the instantaneous local friction, 𝑓௦೙ , for the four 
hollow elements as a function of depth in two different ranges, 
from 0-3.5 m and from 3.5-7.5 m. The number of friction curves 
shown in the figures decreases with depth because fewer 
elements are present at greater depths. For instance, Figure 6 (a) 
shows all four elements, while Figure 6 (b) only shows 
elements No. 4, 3 and 2. A general decline in friction is 
observed in the first 3.5 m, but Figure 6 (b) also shows 
physically improbable negative friction values for elements No. 
2, 3, and 4 at certain depths. These negative values are 
considered unreliable in the absence of consolidation. 

A subsequent analysis revealed that the pile had a tendency 
to tilt during the entire driving process, causing tensile stress at 
the connections. This was confirmed by analyzing data from 
each of the three load sensors at every connection. This tilting 
effect was observed throughout the driving of all four elements. 
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Figure 6. Local axial friction calculated based on direct method from 
(a) 0-3.5 m embedded depth and (b) 3.5-7.5 m 

These results lead to two key assumptions. First, the load from 
the machine was eccentric, causing the pile to tilt. This induced 
bending moments and tensile forces at the connections. Second, 
the direct method cannot be applied because it doesn't account 
for these tensile forces. In fact, in Equation (1), the total force 
ሺ𝐹infሻ௡ has to be broken down into known (measured by the 
load sensors) compression forces ൫𝐹஼,inf൯௡ and unknown tensile 

forces ൫𝐹்,inf൯௡. To overcome this limitation, we developed an 

inverse method, which will be presented in the following 
chapter. This new approach is specifically designed to account 
for these forces. 

5 FRICTION ESTIMATION: INVERSE APPROACH 

This chapter presents a numerical model that uses an inverse 
method to estimate axial friction in self-drilling hollow piles. 
The method is an iterative process: it begins by assuming an 
initial friction law, then predicts compressive forces at pile 
connections, and compares these predictions with in-situ sensor 
measurements. The friction law is then adjusted repeatedly until 
the model's predictions converge with the measured data as 
explained in Figure 7. 

 
Figure 7. Flowchart of the inverse method for axial friction estimation 

5.1 Problem statement 
The model was initially developed for hollow element No. 

4, reaching a total depth of 8.0 m. During driving, the element 
is subjected to an eccentric driving force, 𝐹ெሺ𝑡ሻ, which varies 
with time and induces an initial bending moment. The resulting 
stresses in the element are given by Equation (2): 

𝜎௫ ൌ
𝑃ሺ𝑥, 𝑡ሻ

𝑆
൅
𝑀ሺ𝑥, 𝑡ሻ

𝐼
𝑦 (2) 

Where, the 𝑃ሺ𝑥, 𝑡ሻ/𝑆 refers to the axial force at position 𝑥 
divided by the cross-sectional surface 𝑆, and 𝑀ሺ𝑥, 𝑡ሻ𝑦/𝐼 the 
bending moment causing the element to tilt, divided by the 
second moment of area 𝐼 of the hollow cross-section with 
respect to the centroidal axis equal to 𝐼 ൌ ሺ𝜋 64⁄ ሻ൫𝐷௘ସ െ 𝐷௜

ସ൯, 
multiplied by 𝑦 (any perpendicular distance from the neutral 
axis).  

We are interested in evaluating the theoretical compression 
force 𝐹஼ and comparing it with the obtained in the load sensors. 
Integrating Eq. (2) from 𝑦௡ to 𝑅 it is possible to obtain the 
compression force at any 𝑥: 

𝐹௖ ൌ න ቆ
𝑃ሺ𝑥, 𝑡ሻ

𝑆
൅
𝑀ሺ𝑥, 𝑡ሻ

𝐼
𝑦ቇ 𝐿ሺ𝑦ሻ 𝑑𝑦

ோ

௬೙ሺ௫,௧ሻ
 (3) 

Where 𝑦௡ ൌ െ𝑃ሺ𝑥, 𝑡ሻ𝐼/ሾ𝑀ሺ𝑥, 𝑡ሻ𝑆ሿ defined as the neutral 
axis where 𝜎௫ ൌ 0 and 𝑅 ൌ 𝐷௘/2. Here 𝐿ሺ𝑦ሻ refers the chord 
length in the hollow pile’s cross-section defined in (Balbuena 
Ponce et al., 2025). 

For ease of analysis the most practical approach is to set 
the origin of the vertical axis 𝑥 at the pile head, oriented 
downwards, where 𝐿ଵ ൌ 4 m, refers to the guide hollow pile 
and 𝐿ଶ the length of the instrumented hollow element No. 4: 

 
Figure 8. Pile axis alignment with a) 𝑡 ൌ  𝑡ଵ and b) 𝑡 ൌ  𝑡ଶ 

The ground surface at time t is defined as  
𝑥 ൌ  𝐿 െ  𝐿௘ሺ𝑡ሻ and a new coordinate 𝒳෩ that starts at the 
ground surface and increases downward can be defined as  
𝒳෩ ൌ  𝑥 െ ሾ𝐿 െ 𝐿௘ሺ𝑡ሻሿ:  

Based on the Winkler beam-on-elastic-foundation model 
(Winkler, 1867; Hetényi, 1955; Heelis, Pavlović and West, 
2004) and by applying equilibrium and Euler-Bernoulli beam 
theory (Beer et al., 2015), a fourth-order differential equation is 
derived: 

𝐸𝐼
𝑑ସ𝑦
𝑑𝑥ସ

൅ 𝑓௦ሺ𝑥, 𝑡ሻ
𝑑𝑦
𝑑𝑥

െ ቈ𝑃଴ െ න 𝑓௦ሺ𝑥, 𝑡ሻ
௫

଴
𝑑𝑥቉

𝑑ଶ𝑦
𝑑𝑥ଶ

൅ 𝑘௛ሺ𝑥, 𝑡ሻ𝑦 ൌ 0   
(4) 

Here, 𝐸 represents the Young’s modulus of the hollow 
element equal to 𝐸 ൌ 2 ൈ 10଼ kPa. The model incorporates a 
soil reaction modulus, 𝑘௛ሺ𝑥, 𝑡ሻ, that varies with depth and time 
(Rowe, 1956), the axial force, 𝑃ሺ𝑥, 𝑡ሻ, is governed by the skin 
friction, 𝑓௦ሺ𝑥, 𝑡ሻ, which is defined by: 

𝑃ሺ𝑥, 𝑡ሻ ൌ 𝑃଴ െ න 𝑓௦ሺ𝑥, 𝑡ሻ
௫

଴
𝑑𝑥  (5) 

Where the border condition at the pile head 𝑥 ൌ 0 is equal 
to the force applied by the machine 𝑃଴ ൌ 𝐹ெሺ𝑡ሻ. 

5.1.1 Boundary conditions 
At 𝑥 ൌ 0 the bending moment is calculated ad 𝑀଴ ൌ

𝐹ெሺ𝑡ሻ ∙ 𝑦௘, where 𝑦௘ refers to the eccentric distance 𝑦 from the 
center where the resultant force 𝐹ெ is applied. 

The connection at 𝑥 ൌ 𝐿ଵ to the guide pile imposes a 
rotational constraint with a maximum free inclination of 𝜃௠௔௫
=0.00015 rad. The connection acts as a linear rotational spring 
with stiffness 𝑘௥ only when the absolute inclination ∣𝑑𝑦/𝑑𝑥∣ 
equals or exceeds 𝜃௠௔௫. Below this threshold, the bending 
moment at the connection is zero, indicating no rotational 

resistance defined as 𝑀௫ୀ௅భ ൌ െ𝐸𝐼
ௗమ௬

ௗ௫మ
ൌ 𝑘௥

ௗ௬

ௗ௫
. 

At 𝑥 ൌ 𝐿, the pile tip is free of external moments and shear 
forces, as it is not constrained by additional connections at this 

point 𝑀௫ୀ௅ ൌ െ𝐸𝐼
ௗమ௬

ௗ௫మ
ൌ 0, and the zero-shear condition is also 

valid in the pile’s head 𝑉௫ୀ଴ ൌ 𝑉௫ୀ௅ ൌ െ𝐸𝐼
ௗయ௬

ௗ௫య
ൌ 0. 
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5.2 Compression forces 𝐹஼ comparison model vs in-situ 

To estimate friction, a numerical model was used to evaluate 
three constant unit friction values (𝑓௦): 2 kPa, 6 kPa, and 8 kPa. 
The goal was to find the best match between the model's 
calculated compression forces (𝐹஼) and in-situ measurements. 
Convergence was quantified using the coefficient of 
determination ሺ𝑅ଶሻ and Root Mean Square Error (RMSE). 

The results showed that 𝑓௦=6 kPa provided the best fit, with 
an 𝑅ଶ of 0.1451 and an RMSE of 14.41. While this 𝑅ଶ value is 
low, it represents the highest convergence among the cases 
tested. This limited fit is primarily attributed to the model's 
assumption of constant friction along the pile, as friction in 
actual conditions likely varies with depth due to changing soil 
properties. Figure 9 visually confirms that the modeled 𝐹஼ 
values for 𝑓௦= 6 kPa align more closely with the in-situ data than 
the other values. 

 
Figure 9. Compression force 𝐹஼ሺ4, 𝑡ሻ profiles (measured in-situ vs 
model) in the embedded region at 𝑥 = 4m at every instant for 𝑓௦ ൌ 2 
kPa, 𝑓௦ ൌ 6 kPa and 𝑓௦ ൌ 8 kPa. 

The 𝑓௦=6 kPa result could be interpreted using the 𝛼 Method 
(Tomlinson, 1971), where 𝑓௦ ൌ 𝛼𝑆௨. With 𝑆௨ estimated at 14.5 
kPa from empirical correlations(Skempton, 1957; Bjerrum and 
Simons, 1960; Wroth and Houlsby, 1985) based on in-situ soil 
data (e.g., 𝐼𝑃=28% and 𝜎௩ᇱ=64 kPa), an adhesion factor 𝛼 = 0.41 
is required, lower than the expected 𝛼 = 1. This suggests altered 
soil-pile interaction due to the over-excavation method, 
reducing adhesion compared to standard driven piles. 

6  CONCLUSIONS 

While the overarching innovation project involves the 
development of P. D. W., this work focuses on the critical 
installation phase the self-drilling hollow piles, which simulates 
the hollow, contiguous cavities within the prefabricated 
concrete bricks. 

The direct method’s limitations for instantaneous axial 
friction calculation led to a time- and space-dependent 
numerical model for self-drilling hollow piles. Validated by 
comparing predicted and measured compressive forces at pile 
connections, the model yields 𝑓௦ = 6 kPa. 
The next goal is to extend the model to include compressive 
forces from all four connections across the 20-meter length of 
self-drilling hollow piles. This further work will allow us to 
analyze the evolution of friction with depth and provide how 
the effects of soil remolding influence interfacial friction during 
the excavation. 

 The model’s non-unique solutions depend on calibrating 
parameters like soil reaction modulus (𝑘௛), rotational stiffness 

(𝑘௥), and maximum rotation (𝜃௠௔௫). Further tests in diverse soil 
types are needed to enhance accuracy. To optimize the model 
for diverse soil conditions, an indirect optimization approach 
will calculate instantaneous axial friction by minimizing 
differences between theoretical and field-measured 
compressive forces using algorithmic methods. This will enable 
developing abacuses to estimate friction for various soil types, 
accounting for friction increases with depth due to cavity 
contraction and soil resistance. 
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