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ABSTRACT

The foundations of Nuclear Power Plants (NPP) must meet stringent performance requirements under high
gravity loads and seismic conditions. However, natural geotechnical conditions are not always optimal,
necessitating ground improvement solutions to enhance bearing capacity and control settlements. One
effective technique involves the use of rigid inclusions (RI), which reinforce the soil beneath shallow
foundations while incorporating a load transfer platform (LTP) to improve load distribution. Under seismic
loading, the LTP may act as a fuse, protecting both the structure and the reinforced soil.

Despite its widespread application in complex geotechnical and seismic contexts, such as the Rio-Antirio
bridge and the ICEDA project, the design and verification of foundations on RI-reinforced soil remain
insufficiently standardized. This study proposes a novel analytical verification method based on the
kinematic approach within the yield design theory framework. The method considers multiple failure
mechanisms at both the global scale of the foundation and the local scale of individual inclusions. Fully
analytical and easy to implement, this new verification approach aligns with existing methodologies for the
verification of bearing capacity of shallow foundations, such as Eurocode EN 1998-5 (CEN, 2007), and can
be used directly in both force-based and displacement-based design analyses.

INTRODUCTION

The foundations of Nuclear Powers Plants (NPP), characterised by high loads and stringent performance
requirements, need optimum geotechnical conditions. However, these conditions are not always available
due to various constraints, such as weak or compressible soils, high seismic hazard and other technical or
economic reasons that impose the choice of the location. In such cases, the existing ground may be
incapable of supporting the imposed loads or to effectively limit both absolute and differential settlements.
To overcome these challenges, ground improvements may be conducted to enhance the ground’s bearing
capacity and control settlements, ensuring that the site meets the required performance criteria under static
and seismic loading conditions.

One possible solution is offered by the ground improvement technique with RI, which presents significant
technical and economic advantages. This technique involves a shallow foundation lying on a reinforced soil
with vertical rigid elements, known as inclusions, which are physically disconnected from the structures
they support. Instead, a load transfer platform (LTP) is incorporated between the head of the inclusions and
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the structure, as illustrated in Figure 1. Furthermore, under high-intensity seismic loading, the LTP can act
as a fuse, protecting both the supported structure and the reinforced soil.
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Figure 1. Shallow foundation reinforced soil by rigid inclusions under seismic loading

This solution has been successfully implemented in numerous projects presenting complex geotechnical
and seismic contexts, such as the Rio-Antirio bridge (Pecker and Teyssandier, 2009) and the ICEDA project
(Mattsson et al., 2013). It has gained important attention from the industry and has motivated several
research projects and guidelines over the last two decades, such as ASIRI French National project (ASIRI,
2012). However, several aspects regarding the design and verification of this type of foundation under
complex loads have not yet been properly addressed nor standardized. This gap has motivated recent
research works within the ASIRI+ French National research project (Briangon et al., 2021).

Assessing the bearing capacity of the foundation under static and seismic loadings is essential for the correct
design and verification of the structure. Standardized approaches are already available and used today to
address this question in the case of shallow and deep foundations. They are in most cases derived from
numerical or analytical approaches, such as the yield design theory (Salengon, 1983) which has proven its
effectiveness and accuracy in predicting the ultimate bearing capacity of shallow foundations, providing a
rigorous and scientifically grounded approach, such as Eurocode EN 1998-5 (CEN, 2007).

The study presented in this article addresses the issue of determining the bearing capacity of shallow
foundations on improved soil with rigid inclusions via a new analytical approach formulated using the
kinematic exterior approach within the framework of yield design theory. This method incorporates a multi-
criterion strategy to deal with the various failure mechanisms likely to be mobilised in this type of
foundation, both at the global scale of the reinforced soil-foundation system and at the local scale
corresponding to the stability of each one of its reinforcements (e.g. structural resistance, interaction with
the soil, etc.).

ETAT DE L’ART
Theoretical framework: kinematic exterior approach

Within the framework of the yield design theory (Salencon, 1983), the kinematic exterior approach
functions as an upper-bound analysis method. This approach involves defining a kinematically admissible
virtual velocity field J and ensuring that the virtual power of external loads applied to the system, denoted
as P,, does not exceed the maximum resisting power of the soil, denoted as B.,,. An upper-bound K
encompasses the space delineated by following equation:

K c {Pn(0) = P.(0)} )
2
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The maximum resisting power B.,,, is equal to:

Pm(U) = [, m(d)de + [; n([0])dz )

where 7(.) represents the density of virtual power due to the strain rate d within the volume Q and to the
virtual velocity [[Q]] at the velocity discontinuity surface X. These quantities are computed from the strength

criteria. The explicit formulation of the function m(.) for various criteria, applicable to both continuous
materials and interfaces, can be found in the work of Salengon (1983).

The virtual power of all external forces P, applied to the system includes the contribution of the seismic
loads acting on the foundation as well as the body forces resulting from soil inertia, representing the seismic
acceleration in the soil. For a foundation reinforced with RI, the formulation of P, remains identical to that
of an unreinforced foundation. Additionally, the presence of RI introduces a contribution to the resisting
power, denoted by Pg;, which should be incorporated, as outlined in the following equation.

K  {Rn(T) + Pri(0) 2 R(0)} 3)
Application to the analysis of geotechnical structures

The kinematic exterior approach has been extensively applied to solve shallow foundation bearing capacity
problems. Previous studies have used this method to evaluate the bearing capacity of strip foundations on
homogeneous cohesive and cohesionless soils under both static and seismic loading conditions (Salengon
and Pecker, 1995a, 1995b; Paolucci and Pecker, 1997).

In the work of Salengon and Pecker (1995b), a tension cut-off condition to the soil strength criterion is
introduced, allowing to describe a purely cohesive medium with no tensile strength. The investigated failure
mechanisms investigated are depicted in Figure 2. The rotation-translation kinematically admissible failure
mechanisms U, both without and with uplift, are illustrated in Figure 2 (a) and (b), respectively.
Additionally, several mechanisms involving only a rigid block in rotation were also proposed, as shown in
Figure 2 (c) and (d).

Figure 2. Velocity fields for a rigid strip foundation on coherent (unreinforced) soil
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The kinematic exterior approach has also been applied to analyze the stability of reinforced geotechnical

structures, such as nailed slopes. de Buhan et al. (1992) investigated the stability of nailed slopes using this

approach, considering kinematic mechanisms based on triangular blocks and logarithmic spiral failure

surfaces. Notably, several slope stability software programs, such as Talren (Terrasol, 2023), incorporate

failure surfaces in the form of logarithmic spirals. The contribution of nail reinforcements is introduced by
employing a multicriterion approach based on various failure modes associated with the nails.

However, the application of the kinematic exterior approach to the study RI-reinforced foundations remains
limited. This is largely due to the inherent complexity introduced by the coexistence of the three distinct
components in such reinforced foundation system: the soft soil, the granular LTP, and the RI. This
complexity makes it challenging to define the kinematically admissible virtual velocity fields U used in the
kinematic exterior approach.

Pecker et al. (1998) were the first to determine the seismic bearing capacity of a shallow foundation on
cohesive soil reinforced by RI, in a remarkable use of the kinematic exterior approach. The retained virtual
velocity field is illustrated in Figure 3. The contribution of the RI to the overall stability was considered by
the intrinsic material resistance and their skin friction. Additionally, a failure criterion representing the slide
failure between the LTP was introduced as well. The results of this analytical model were compared with
five centrifuge tests conducted for the Rio-Antirrio bridge project, showing a good performance in
predicting the bearing capacity of this foundation configuration.

Shear band

Figure 3. Virtual velocity field considered in the bearing capacity assessment of the Rio-Antirrio bridge
foundation adapted from Pecker et al. (1998)

BEARING CAPACITY OF RIGID-INCLUSION-IMPROVED FOUNDATION
Statement of the problem: A strip foundation improved by rigid inclusions

This section investigates the seismic bearing capacity of a strip foundation on a reinforced soil by with RI.
The foundation, of width B, rests on a three-layer half-space consisting of a LTP of thickness h;p,
exhibiting purely frictional behavior, characterized by a friction angle ¢. Beneath the LTP lies a cohesive
soft soil layer with cohesion ¢ and non tensile strength. The layer is reinforced with RI, as illustrated in
Figure 4. Finally, a seismic substratum is found at the base of the soft soil layer.

The RI-improvement is modelled by means of embedded beams that are regularly spaced by a distance s
beneath the foundation and extend down to the underlying substratum. The (inclined) load transmitted to
the foundation is denoted as F and can also be expressed by its horizontal and vertical component, noted H
and V respectively. The moment M is calculated as the product of the vertical force and the eccentricity e.
Furthermore, soil inertia effects are accounted for through body forces induced by seismic and gravitational
loading, expressed as f, = pa, and f,, = p(g £ a,), respectively.

4
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Figure 4. Studied configuration: strip foundation on reinforced soil by RI

Potential failure mode

The presence of the reinforcements and the LTP layer introduces additional complexity to the failure
mechanisms when compared to unreinforced soil configurations. To address this question, three simplified
sub-systems, illustrated in Figure 5, are studied separately, each one corresponding to a different “family”
of potential failure mechanisms:

e Case I: This sub-system considers a homogeneous frictional soil, where the failure mechanism is
primarily confined within the LTP, leading to a failure depth shallower than h;7p.

e Case Il: This sub-system accounts for potential sliding and uplift at the interface between the LTP
and the reinforced soft soil.

e Case IlI: This sub-system represents a homogeneous cohesive soil reinforced with Rl where the
failure mechanism extends beyond h;rp , intersecting the RI-improvement, which consequently
contributes to the overall resistance. The contributions of both the soil and the RI are evaluated
separately, as illustrated in Figure 6.
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Figure 5. Simplified sub-systems accounting for different types of potential failure mechanisms
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Figure 6. Detailed description of Case 1l sub-systems: (a) multi-block failure mechanism, (b) simplified
configuration, and (c) forces at the intersection of RI with the surface of the failure mechanism
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The upper-bound solutions for the three cases are denoted K¥P!, K*P!I and K¥P!!I They are combined to
determine the stability domain K*P of a foundation reinforced by Rls, as described in following equation:

Kup — Kup,l N Kup,II N Kup,III (4)
Failure analysis of a rigid inclusion
The RI are considered by accounting for their action at the intersection with the failure surface. The Rl is
divided into two parts by the intersection: interior part with a length L;,,; and exterior part with length L,,.;.
The forces at this intersection are decomposed into an axial force T,, a shear force T,, and a bending
moment M. The force combination (T, T., M) should be limited by the different kinds of potential failure
modes of RI.

e Material intrinsic strength

The combination of T,,, T,, and M, need to respect the following inequality to ensure that the strength of

the material is not exceeded. R,,, R., and R,, are the limits of the material intrinsic strength for axial force,
shear force, and bending moment respectively. The corresponding criterion is represented by the curve (1)

in Figure 7.
2 2
&) + @) [

e Axial soil-inclusion interaction resistance

~1<0 (5)

The maximum axial force T, that a Rl of diameter d can provide is also governed by parameters such as
the skin friction, the forces at the head and the tip of the RI, and the internal “pullout” failure mechanism.
This can be described by equation (6).

Ty < Ty = min (Fy + qsLinemd, Fi + qgLexemd) (6)

where F, represents the maximum force controlled by a Prandtl failure mechanism that develops in the
LTP, F, represents the maximum force at the inclusion tip, which is typically of significant magnitude, and
qs denotes the characteristic value of the inclusion shaft friction. This axial soil-interaction failure
corresponds to the line (2) in Figure 7.

e Lateral soil-inclusion interaction resistance

This criterion represents the mobilized resistance resulting from lateral soil-inclusion interaction, which is
analyzed using a limit equilibrium model. Various assumptions regarding the distribution of soil pressure
on the RI are examined. Further details can be found in Shen (2023). Two possible scenarios are considered:
In the first one, the soil pressure acting on the RI reaches its limiting value p;, leading to a failure of the
surrounding soil. In the second, the applied pressure generates a significant bending moment in the RI
before reaching the limiting pressure. These two scenarios are represented by interaction curves (3) and (4)
in Figure 7, respectively.

The combination of the four criteria in the T,,-T,. plane defines a stability domain, referred to as the RI
multicriterion, as illustrated in Figure 7. At failure, the resisting forces developed by the Rl must lie on the
boundary of this domain, with their exact position governed by the principle of maximum work. According
to this principle, the resisting forces are distributed in a manner that maximizes the contribution of the RI
to the overall resistance within a given failure mechanism. Once the virtual velocity at the intersection
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between the inclusions and the failure surface is defined, the corresponding virtual power PR,(Q) of the
inclusions can be computed.

T A

Stability domain

Tnl Rn %n
Figure 7. Multicriterion in the T, - T, plane representing the resistance of a Rl
Numerical applications

The foundation configuration illustrated in Figure 4 is considered in this numerical application. The system
consists of a strip footing of with B = 10 m, resting on a LTP with a thickness of 0.5 m and a friction
angle ¢ of 38°. The soft soil is considered cohesive with no tensile strength, exhibiting an undrained
cohesion c of 25 kPa. Based on this cohesion, the ultimate lateral friction g, and the limit pressure p; are
estimated at 25 kPa and 200 kPa, respectively. The unit bearing resistance of the soil beneath the inclusion
tip, qp, IS set to 2 MPa. The RI-improvement, arranged in seven rows, has a diameter d of 0.4 m and a
length L of 10 m. They are installed beneath the foundation, with no embedment into the LTP layer, and
are spaced of s = 1.5 m. The substitution ratio « for this configuration is 5.6 %.

The interaction diagrams for this configuration, derived from the study of the three types of failure
modes (see Figure 5), are presented in Figure 8 (a). These three interaction curves delineate an admissible
zone, referred to as the potential stability domain, as illustrated in Figure 8 (b). It is important to note that
the ultimate bearing capacity under a vertically centered load for a foundation on RI-reinforced soil is
governed by failure mode Il1, in which the failure mechanism extends through the reinforced soil mass,
engaging the rigid inclusions in the resistance mechanism.

1.4 9 1.4
= Mode | === Mode Ill (b) = Mode | === Mode Ill
1.2 === Mode I 1.2 4 === Mode Il
1.0 1.0 1
v 0.8 o 0.8
= aQ
T o6 T 56 Ultin'late
bearing
0.4 0.4 - Admissible domain capacity
0.2 0.2
0.0 + - - - - 0.0 - - - -
0 2 4 6 8 10 0 2 4 6 8 10
V/Bc V/Bc

Figure 8. (a) Interaction diagrams from the three failure modes and (b) stability domain of a foundation on
reinforced soil with RI in the standard V - H plane.
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REDUCTION FACTOR IN THE BEARING CAPACITY FORMULATION

Having established an analytical approach to determine the bearing capacity of a given foundation on a
reinforced soil with RI, it is possible to investigate how the bearing capacity is influenced by load
eccentricity, load inclination and soil inertia effects. In conventional force-based design, the verification
framework involves comparing the applied vertical load V with its limit value V;,,,,, according to the
criterion:

V- Vmax <0 (7)

To account for seismic effects, the limit value 1},,,,, may be modified by applying specific reduction factors,
leading to the revised verification criterion:

V — Vinax lelsiy < 0 (8)

where i, represents the load eccentricity reduction factor, is is the load inclination reduction factor, and i,

accounts for the soil inertia reduction factor. The evolution of these three reduction factors depending on
different parameters is studied in the following section.

Studied configurations

A 10-meter-wide strip foundation, reinforced with seven rows of inclusions, as shown in Figure 4, is
considered in the following numerical applications. Three different diameters of the inclusions, 0.2 m,
0.4 m, and 0.55 m, are used, corresponding to substitution ratios a of 1.4%, 5.6%, and 10.6%, respectively.
In addition, an unreinforced configuration that incorporates a frictional LTP layer is also studied for
comparison.

Load eccentricity effect

The effect of load eccentricity is first investigated by varying the eccentricity of a vertical load applied on
the foundation. Figure 9 (a) presents the bearing capacities for different configurations and eccentricities,
including the case without rigid inclusions. A consistent trend is observed across all cases: as the load
eccentricity increases, the ultimate bearing capacity decreases. Among the reinforced configurations, a
higher substitution ratio consistently results in a greater bearing capacity.
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Figure 9. Evolution of (a) bearing capacity, and (b) eccentricity reduction factor i, with load eccentricity

The reduction ratio, defined as i, = Vgx.e/Vinax,e=o. 1S illustrated in Figure 9 (b) and compared with the
analytical expression i, = 1 — 2e/B for the unreinforced configuration. The results indicate that load
eccentricity has a more pronounced effect on rigid inclusion-reinforced foundations than on unreinforced
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ones. In other words, they are more sensitive to load eccentricity. For instance, at an eccentricity ratio of

e/B = 0.2, the strip foundation retains 64% of its ultimate bearing capacity, whereas the RI-reinforced
foundation with a substitution ratio of 5.6% retains only 53%.

Load inclination effect

The bearing capacity of a non-reinforced strip foundation is reduced when subjected to combined inclined
loading effects. An evaluation of the bearing capacity under inclined loading for various studied
configurations is presented in Figure 10 (a). The results are shown as a function of the load inclination &,
normalized by the friction angle ¢ of the LTP. The effect of reinforcement on bearing capacity is
particularly evident for load inclination angles smaller than 0.5¢. However, for load inclinations exceeding
this threshold, the bearing capacity values for both reinforced and unreinforced configurations become
nearly identical, indicating that the benefits of the reinforcement diminish under strongly inclined loads.
The inclination reduction factor is = Vyqx 5/ Vimax,s=o0 1S presented in Figure 10 (b). It can be observed that
the load inclination reduction factor i for the unreinforced foundation is consistently higher than that for
the reinforced configurations, suggesting that they are more sensitive to load inclination.
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Figure 10. Evolution of (a) bearing capacity, and (b) inclination reduction factor i5 with load inclination
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Figure 11. Evolution of (a) bearing capacity, and (b) soil inertia reduction factor i, with soil inertia

Soil inertia effect

Figure 11 (a) presents the evolution of the bearing capacity for different soil inertia values, represented by
the dimensionless soil inertia forces F = pa, B/c. When comparing the unreinforced configuration to the
reinforced ones, it is evident that the reinforcement improves the ultimate bearing capacity under a vertical
centered load V;,,,,, enabling the foundation to better withstand soil inertia. Figure 11 (b) illustrates the
reduction in bearing capacity caused by soil inertia, represented by iy = Vinaxa,/Vinaxa,=o- This factor
decreases as soil inertia increases across all studied configurations. Notably, the bearing capacity of the

9
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reinforced foundations declines at a slower rate as soil inertia intensifies. This observation highlights the
reinforcement’s ability to enhance the resilience of the foundations under seismic excitation.

CONCLUSION

A novel analytical approach to determine the bearing capacity of foundations on reinforced soil by rigid
inclusions has been developed within the framework of yield design theory. This method integrates three
failure modes, along with an innovative multi-criterion approach specifically designed for rigid inclusions,
to determine the stability domain of the foundation. This method is on the continuity of existing approaches
for the static and seismic bearing capacity assessment of shallow foundations, making it directly applicable
to the design of foundations with rigid inclusions. It is fully analytical and allows a rapid evaluation of the
bearing capacity using a limited number of parameters, thus providing preliminary insights for detailed
design. Furthermore, it can be easily implemented in a spreadsheet or script, both for forced-based and
displacement-based verification analyses.

The study also investigates reduction factors for load eccentricity and inclination, demonstrating that
foundations on soil reinforced by rigid inclusions exhibit greater sensitivity to the effects of load
eccentricity and inclination. However, despite the more adverse correction factors, the overall bearing
capacity of foundations with rigid inclusions remains, in all cases, superior or equal to that of non-reinforced
foundations. Additionally, the investigation into the effects of soil inertia confirms that the use of rigid
inclusions significantly mitigates the impact of soil inertia caused by seismic motion. This finding further
supports the benefits of using Rl-reinforced foundations in areas with high seismic risk.
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