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ABSTRACT 

This paper presents the developments performed by EDF and KSB for the seismic justification of pumping 

wells used as an alternative water source for existing nuclear power plants. These wells are composed of a 

civil structure and a mechanical set. The architecture of the wells leads to several interaction phenomena 

which shall be taken into account to define the seismic loads the different components have to withstand. 

A first step consists in evaluating the soil structure interaction (SSI) effects acting on these fully embedded 

structures. This calculation provides the dynamic response of the well, including the strains generated by 

the distortions of the soil in the catchment column, along with the accelerations transmitted to the 

mechanical set. A second step consists in evaluating the dynamic behavior of the mechanical set inside the 

column, in particular the submersible borehole pump response to the seismic accelerations, through 

transient dynamic computations. These accelerations are then used to assess the pump operability during 

and after an earthquake. At the same time, occurrence of important displacement of the pump lower part 

implies that hard contact on the internal wall of the catchment column may happen, which shall be avoided 

for safety reasons. All these constraints lead to the design of a specifically reinforced pump, to the 

development of elastomeric dampers fitted on the pump external shell and the validation of their 

characteristics by test, and eventually to an overall demonstration thanks to a test on a tri-axial shaking 

table, in a set-up designed to reproduce the on-site mounting configuration. 

INTRODUCTION 

EDF investigates the possibility of using alternative water source for the heat sink in order to improve the 

safety of existing nuclear power plants after a strong earthquake. One of the technical option studied is the 

use of groundwater table with the construction of wells seismically designed. 

Presentation of the wells 

The wells are composed of a civil structure and a mechanical set. The civil structure includes a catchment 

column and a wellhead which are mechanically independent of one another. The upper part of the catchment 

column is a steel tube while the lower part under the groundwater level is a steel strainer. A mechanical set 

is installed inside the catchment column. It is composed of a vertical discharge pipe and a submersible 

borehole pump. The mechanical set is supported by a fixed point on the pipe at the wellhead level and, 

radially, by several intermediate flanges adapters that guide the pipe and reduce its radial clearances with 

regard to the catchment column internal wall. The pump external shell is equipped with elastomeric 

components that provide conditional radial and flexible support as well. The Figure 1 represents the 

mechanical set. 
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Figure 1. Schematic representation of the mechanical set 

Challenges associated with the seismic design of pumping wells 

The seismic design of wells presents several challenges that need to be faced. First the geometry of the well 

is very constraint: in a relatively small diameter tube (typically 600mm) it is necessary to place the pump 

and the discharge pipe. This leads to multiple interfaces, both technical and organizational, between three 

different contracts. Technical, because the civil structure transmits acceleration to the pump which may 

undergo dynamic amplification due to its particular supporting, i.e. hung up by the pipe. The interaction is 

also organizational, with the management of the input data for the several contracts: an output value for a 

contract may be an entry for the others, but not available soon enough, thus leading for the latter contracts 

to use decoupling values, which eventually need to be reconciled.  

The civil work studies (seismic design of the catchment column in particular) present also several 

challenges. A well is an entirely buried structure for which the soil structure interaction (SSI) is very 

important. The response of the well being very dependent of the soil characteristics, these SSI calculations 

must be performed for all the considered sites, and even for different locations on a same site. As a 

consequence geotechnical inspection are mandatory. The mechanical justification of the catchment column 

is not an easy task too, in particular for the strainer which presents a complex geometry as shown on the  

Figure 2. 

Figure 2. Two different geometries for the strainer 

There are mainly two challenges for the mechanical set: firstly, to provide the several suppliers 

with consolidated input data, compatible with possible change of hypotheses in the course of the various 
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studies, without including excessive margins however, as the input loadings are already very high, notably 

the earthquake. Then, all the stakeholders shall be involved in a collaborative approach, in order notably to 

ensure that all specificities are handled correctly and on line with the pumping wells deployment schedule, 

for instance the procurement of the pump elastomeric components and the test on the shaking table. 

The developments performed by EDF and KSB for the seismic justification of the pumping wells 

are presented, including the dynamic response of the catchment column and the design and justification of 

the submersible borehole pump. A focus is put on the technical challenges and the solutions used to address 

them.  

CIVIL WORKS STUDIES 

The civil work studies concerns both the SSI studies performed to evaluate the response of the well and the 

mechanical justification of the catchment column. 

SSI studies of the wells 

The SSI studies begin with the calculation, for the different studied soil profiles, of the effective soil 

characteristics (shear modulus and damping) that are compatible with the strain generated by the earthquake 

waves. This calculation is performed on a one-dimension soil column by mean of a linear equivalent method 

which requires the definition of degradation curves. These curves define for each soil layer the evolution 

of the shear modulus (or damping) according to the shear strain.  

The calculations of effective soil properties are common in soil structure interaction studies. 

However, the high accelerations levels considered in this study may lead to calculation difficulties, in 

particular on soft soils. This difficulties are characterized by convergence issues and by high accelerations 

level at substratum due to the incapacity of the soil column to generate high frequency content. 

Once the effective soil properties are known, SSI calculations are undertaken to determine the 

response of the system « pumping well + soil ». In order to better apprehend the behavior of this system, a 

FEM/BEM coupling method is used with the code SASSI ([2]). The structure is modelled with beams finite 

elements (FEM) to which the geometric and material characteristics of the wells are assigned. For the sake 

of simplification the characteristics of the steel tube are also applied to the strainer. 

The soil is modelled with boundary elements (BEM). In order to respect the correct propagation of 

seismic waves, the maximal size of the soil layers is adapted according to their shear waves velocity Vs, 

typically Vs/(8*fmax) with fmax the maximal frequency of interest (30Hz in this study). The use of the 

FEM/BEM coupling method imposes to perform the calculation in the frequency domain. The time histories 

of the interesting parameters are obtained by mean of inverse Fourier transform.  

These calculations are performed with the consideration of a horizontal seismic loading (S-waves) 

and a vertical seismic loading (P-waves). The horizontal load allows the calculation of shear forces, bending 

moments and associated curvature and the secondary response spectra along the column. The vertical load 

allows the calculation of the normal forces in the well. These results will constitute the input data for the 

justification of the catchment column (forces and moments) and the mechanical set (spectra). 

The analysis of the results shows that the most substantial efforts will occur at the transition 

between soil layers, where mechanical characteristics of successive layers present an important contrast. 

The most detrimental case is the one of a fusible layer located between two layers with better mechanical 

characteristics. The softer layer will experience a high distortion that will leads to an important curvature 
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of the well. This phenomenon is highlighted on the Figure 3 where it appears that the location of the most 

substantial efforts (represented by the curvature) is linked to the stratigraphy. 

Figure 3. Evolution of shear wave velocity (left) and curvature (right) versus depth 

In particular these results show that it is not possible to summarize the soil column to one parameter 

such as the usual Vs30 parameter, which represents the average shear wave velocity on the first thirty meters 

of the column, to anticipate the efforts that will be developed in the well. Indeed, the results of the above 

figure are obtained on a site exhibiting a Vs30 of almost 1000m/s, nonetheless the efforts are among the 

most important of the different studied stratigraphies. As a consequence it is not trivial to determine one or 

several “envelop” soil columns permitting to reduce the number of calculations. 

At the end of the SSI studies, results that have been obtained remain useful in the frame of the 

catchment column strength and mechanical set dynamic behavior studies. 

Justification of the catchment column 

For the recall the catchment column is in two parts. The upper part is a steel tube while the lower part under 

the groundwater table is a steel strainer. The mechanical justification consists in demonstrating that the 

stresses and shears generated by the earthquake are admissible for the different parts of the catchment 

column. The horizontal earthquake loading is taken into account as an imposed curvature because an 

entirely buried structure with a small stiffness like the pumping wells will follow the strain imposed by the 

propagation of the seismic waves. Hence, it is necessary to check that the wells can handle the seismic 

imposed curvature. 

To perform the mechanical justification finite elements analysis are used, with one dedicated model 

for each part of the catchment column as shown on the Figure 4. The calculations are performed according 

to Eurocode 3 ([3], [4]) with the plastification of the steel of the well. The material used in this study is the 

stainless steel 316L for which the nonlinear law is given by [3]. 
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Figure 4. Finite element models of the tube (left) and the strainer (right) 

The following loads are applied to the models:  

 The at-rest earth pressure condition which exerts a radial pressure on the structure

 The seismic normal forces

 The seismic curvature which will impose a rotation to the column

The stress and strains are considered admissible if, for a given radial pressure and a given normal

force, the curvature is lower than the curvature leading to local instabilities with a safety factor of 1.1. 

For practical considerations, the calculations are only performed for a limited number of envelop 

triplets of loads. The results of the SSI studies are then compared to these admissible triplets and if each 

component (radial pressure, normal force and curvature) is below the admissible value, the seismic 

justification of the well is established. In practice the curvature induced by the propagation of seismic waves 

is relatively small compared to the admissible curvature of the tube or the strainer.  

MECHANICAL STUDIES 

The mechanical studies concerns both the piping and the submersible borehole pump. This article focuses 

only on the operability of the pump during and after an earthquake. 

Strategy adopted for the studies 

The activities leading to validating the pump operability during and after an earthquake may be divided into 

three successive steps: 

1. Based on the accelerations and displacements of the catchment column determined during the civil

works studies, the dynamic response of the mechanical set, and particularly the pump, is calculated

by EDF. Then, appropriate margins on the pump accelerations and displacements are set in order

to ensure that these data, forwarded to the pump manufacturer, KSB, will not change in the course

of the contract, whatever the evolutions in the input data for the pumping wells design.

2. KSB identifies the best pump design that satisfies with the expected hydraulic performance, and

allows the pump to operate when submitted to the seismic loadings prescribed by EDF.

3. The pump and its components are subject to numerical and experimental validations agreed

between KSB and EDF, to certify the operability during and after an earthquake.

Steps 1 and 2 are actually not independent from one another: indeed, EDF has the possibility to

adjust the value of some input data, notably the length of the pipes, the position of their radial supporting 

and the required range for the submersible pump mass, in order to modify the accelerations and 
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displacements seen by the pump. This leads to several iterations between EDF and KSB, the latter assessing 

if the level and frequency shape of the accelerations spectra transmitted by the former suits to the pump 

design. KSB provides then the adequate feedback, on which basis EDF adapts the input data.  

Mechanical set dynamic response computations 

The architecture of the mechanical set (see Figure 1) allows to resort to a 0D/1D FE-modelling: beams are 

used to simulate pipes and punctual mass and damping/stiffness elements represent respectively the piping 

flanges and the pump (modelled as rigid), and the pump elastomeric components (flexible supports). It is 

considered that the radial support on the pipes flanges, and the pump flexible supports are always in contact 

with the catchment column internal wall, thus maximizing the number of application points for the seismic 

loads. Radial degrees of freedom for the supported flanges are suppressed, as well as for the extremity of 

the pumps supports in contact with the catchment column (pump may thus only move radially with respect 

to the supports stiffness).  

Transient dynamic responses are used to assess the mechanical set responses to the seismic loads, 

thanks to the Code_Aster FE-solver [1]. The links between input data, SSI and transient dynamic 

computations are displayed in Figure 5. 

Figure 5. Principle of the computations from the seism to the pump dynamic response 

As the seismic loading transmitted by the catchment column depends on several factors, only one 

loading is taken into account to reduce the number of computations that should otherwise be performed: 

this loading envelops the accelerations associated with all the soil properties and catchment columns depths, 

with margins such that the mechanical set responses to this envelop loading is robust to modifications of 

the input values (notably the earthquake level to consider). This loading is displayed on Figure 6. 

This single acceleration is then applied on each mechanical set configuration. These configurations 

differ essentially regarding the groundwater table minimum level, depending on the nuclear site, which 

drives the submersible pump depth, and therefore the pipes length, impacting eventually the mechanical set 

dynamic behavior. As a unique pump design is required by EDF, for interchangeability reasons, a second 

envelop has to be generated, this time taking into account all pump accelerations determined via the 

mechanical sets transient computations, these computations being based themselves on the envelop seismic 

loading. Consequently, KSB has to design a pump able to withstand accelerations levels that will generally 

be significantly higher than the level that the pump may experience once installed in the pumping wells: 

the design levels in horizontal and vertical directions are shown on Figure 7 and Figure 8. 
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Figure 6. Acceleration spectrum 

applied on the mechanical set  

 Figure 7. Horizontal direction Figure 8. Vertical direction 

Acceleration spectra applicable for the submersible pump design 

In addition to that, a specific issue is identified: whatever the possible input data used in EDF 

calculations, high displacements are occurring at the pump lower part, thus making the pump likely to hit 

the catchment column internal wall. As this event has to be avoided, for it may hinder the possibility of 

demonstrating the pump operability during an earthquake, KSB has to procure elastomeric dampers and to 

design the associated fitting on the pump external shell, in order to make the possible contact as smooth as 

possible. The characteristics of these dampers (stiffness K and damping ξ) play a significant role in the 

pump seismic response. The latitude as to the choice of their value is very helpful in the frame of the 

iterations performed to obtain the acceleration spectra applicable to the pump design. 

Submersible borehole pump design 

The operability of the submersible pump is demonstrated by KSB using static and dynamic analyses. A 

comprehensive FE model is performed (see Figure 9): 3D elements are used for the pump unit, and 0D/1D 

elements allow to take into account the mechanical properties of the dampers, of the first pipe section and 

the physical phenomena in the bearings and throttle gaps. The pipe section is necessary to represent the 

flexibility existing at the pump discharge. The other extremity of the pipe is fixed. 

Figure 9. Submersible borehole pump FE model 

Several combined loadings (nozzle loads, hydraulic thrust, deadweight, internal pressure, 

earthquake accelerations) are applied to the FE model. The computations purpose is to check that: 

 the induced shaft-line deflections do not display risks of contact between rotating and stationary

parts;

 neither permanent deformation nor unacceptable strains appear in the pump parts;

Moreover, dynamic analyses show that no resonance-like behavior of the entire pump/motor unit is 

expected during operation, thus avoiding premature ageing or failure. 

The first calculations showing that the submersible pump needs reinforcement, as the slender 

geometry of the pump and motor assembly causes very important strains in the part realizing the connection 

between the pump and motor, a cylindrical tube is used to reinforce and stiffen the assembly. This tube, 

that constitutes the pump external shell, allows also to fit the elastomeric dampers. At the same time, the 
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pump design itself is enhanced, notably through the use of largely sized tie rods to hold the several stage 

casings. Figure 10 gives overall views of the pump unit (motor and pump itself are inside the steel tube on 

the CAD view, the dampers are the black parts on the actual view). 

Figure 10. CAD and actual views of the submersible borehole pump 

The elastomeric dampers design follows an iterative process, as mentioned above, and must satisfy 

with several requirements:  

 Be a proven passive design;

 Offer a compression capacity that matches with the pump highest displacement issued from the

mechanical set seismic response. If the compression capacity is too low, then hard contact of the

pump in the well may occur, due to the “wall effect” in the elastomeric damper.

 Have stiffness and damping characteristics in the ranges that have been considered for the

mechanical set dynamic studies.

Consequently, the dampers supplier, TECHNETICS Group, selects two materials with requested 

mechanical properties and strong experience feedback in nuclear environment. Then, using a CAD 

software, several geometries consistent with the limited space available between the pump and the 

catchment column internal wall are generated. After that, TECHNETICS uses a FE model in order to 

calculate the maximum compression that can be reached by each combination of material and geometry 

(see Figure 11). This allows then to check whether the required static stiffness is reached and to assess the 

good behavior regarding the wall effect. These studies lead to an optimized design of the damper, which 

then undergoes a dynamic numerical and experimental validation. 

Figure 11. FE calculation from MAESTRAL Laboratory assessing the compression of the elastomeric 

damper manufactured by TECHNETICS 

Numerical and experimental validations 
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Experimental validation of the elastomeric dampers is performed by TECHNETICS on a dedicated test 

bench: dynamic loadings are applied on the dampers, with the aim of assessing their dynamic stiffness and 

damping. Several test series are carried out, with different dampers lengths each time, until the criteria 

regarding stiffness and damping values are matched. The tests show as well that, for the selected design, 

evolution of the dynamic stiffness with respect to the excitation frequency is limited (< 16% on 

[0.530] Hz). This important result supports the hypothesis, made in the mechanical set dynamic studies, 

saying that the pump dampers are modelled via fixed stiffness values. 

As the justification of a submersible borehole pump operability under a seismic loading is unusual 

for EDF, it is decided to perform a dynamic test on the complete mechanical set. This test must prove that: 

 The mechanical set is properly modelled, and therefore that the results issued from the calculations

are relevant, notably the elastomeric dampers maximum compression, the main natural frequencies,

and the accelerations applied on the pump when the envelop seismic loading is applied on the

catchment column;

 The submersible borehole pump can operate when submitted to a seismic loading without enduring

permanent damages (which is checked afterwards in the frame of a strip test).

Given the dimensions of the actual mechanical set, at least 10m high, it is decided to resort to a 

short pipe, 1.5m long, to support the pump: its lower end is connected to the pump, the upper end is fixed. 

This “test” pipe is designed to reproduce the first two natural modes of the mechanical set, namely a 

pendulum mode from the pump with regard to the pipe fixed end, and an oscillating mode of the pump in 

the vertical plane around its center of gravity. The two modes are the one through which the main peaks 

appear on the pump accelerations spectra during the mechanical set studies. 

Consequently, a specific structure has to be created to provide the fixed point corresponding to the 

upper end of the test pipe, which stands 4m above the ground. This structure has to provide additional fixed 

points to the large tube that is used to immerse the pump in water, which is necessary to represent the on-

site installation, and to carry out the test with the pump operating. These constraints lead to a massive and 

reinforced metallic structure, as shown on Figure 12 and Figure 13. 

Figure 12. CAD view of the seismic test set up. 
Figure 13. View of the shaking table and 

the test set up 

The reference spectrum that have been used to define the input motions on the base plate of the 

shaking table, in order to simulate the conditions seen on the nuclear sites, are the following one: Figure 6 

spectrum in the horizontal direction, as it represents the accelerations transmitted by the catchment column 
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to the mechanical set, and Figure 8 spectrum in the vertical direction, because it is directly transmitted to 

the pump. It is reminded that the levels of these spectra are consistent with design, and are therefore globally 

higher than what the pump might actually undergo on site. 

The geometry and mass (around 15 tons) of the tested structure, combined with the very high input 

levels, lead EDF and KSB to resort to CEA Saclay seismic testing facilities (TAMARIS), with the tri-axial 

shaking table Azalée, which is one of the only few in Europe able to carry out the seismic test as requested. 

These tests have been successful and the results obtained show notably that: 

 The dynamic behavior of the mechanical set is as expected: in particular, the pump elastomeric

dampers are compressed up to 90% of the maximum value during the test.

 No peculiarity was detected on the time histories of the measured intensity and discharge pressure

of the pump when operating during one of the tests.

 Measured accelerations on the pump are significantly lower than the ones computed during the

mechanical studies: this might be explained by the absence of modelling the water damping effect

in the test catchment column, as well as by the higher damping value of the pump dampers with

regard to the value considered in the mechanical set computations.

CONCLUSION 

EDF investigates the possibility of using alternative water source for the heat sink in order to improve the 

safety of existing nuclear power plants after a strong earthquake. One of the technical option studied is the 

use of groundwater table with the construction of wells seismically designed. 

The seismic design of wells presents several challenges that need to resort to mechanical studies 

and very specific experimental validations: 

 Advanced SSI calculations for embedded structures, using FEM/BEM method,

 Non-linear analyses on the complex geometry of the strainer,

 Transient dynamic responses of the mechanical set to seismic accelerations issued from SSI studies,

 Dedicated design of a KSB submersible pump, notably with the fitting of elastomeric dampers.

These dampers characteristics were chosen following an iterative work aiming to obtain the most

favorable acceleration spectra applicable for the pump design,

 Dynamic test on the biggest European shaking table of the pump mounted on a structure

representative of the on-site installation configuration, including a test with the pump operating.

This project has been successfully carried out thanks to a collaborative approach between EDF and the 

industrial partners, essential to deal with the numerous interfaces and to manage the complex activities. 
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