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ABSTRACT

Modular Steel-Concrete (SC) composite construction has been developed in recent years for nuclear
applications in some countries. In Europe, the R&D project SCHEDULE was launched in 2018 with the
participation of 8 partners and the funding of the European Commission and 4 sponsors. As a result at the
end of the project in 2023, a full-scale SC replica of the EDF Diesel Ultime Secours (DUS) building has
been built. A rich feedback of SC construction for nuclear applications has been obtained, specially when
comparing to the 56 existing classical Reinforced Concrete (RC) DUS buildings.

The site conditions and actions for the design of the SC superstructure are basically the ones of the
RC DUS, to which we have added some specific actions of SC structures. In addition, an exhaustive analysis
and verification have been necessary for the definition of the steel structure erection phases. The fresh
concrete pressure has determined the retained 8mm faceplate thickness for wall and slab modules. The
global design has been performed using a 3D Finite Element (FE) model of the building using shell elements
for the walls and slabs. The resulting forces and moments from the structural analysis have been used to
verify the faceplate thickness, the concrete and the retained grids for tie-bars and shear connectors. Some
analyses have been performed for specific actions as the fire resistance, the dropped loads on slabs and the
attachment of small items of equipment onto the faceplates. Different solutions have been studied for
connecting the modules together: embedded dowel bars, bolted connection and welded connection.

INTRODUCTION

Modular Steel-Concrete (SC) composite construction has been developed in recent years for nuclear
applications in some countries. In Europe, two recent R&D projects have improved the knowledge of the
behavior of this type of structures:

e SCIENCE European R&D project (“SC for Industrial, Energy and Nuclear Construction”, Grant
Agreement Number: RFSR-CT-2013-00017) between 2013-2017 with the participation of 11
partners. The main result was the issue SCIENCE Design Guide (Aggelopoulos and Burgan
(2021)).

e SCHEDULE European R&D project (“Steel Concrete High Efficiency Demonstration eUropean
colLaborative Experience”, Grant Agreement Number: 800732) between 2018-2023 with the
participation of 8 partners and the funding of the European Commission and 4 sponsors. The
objective was to construct a full-scale replica of the EDF Diesel Ultime Secours building (“DUS”)
that has been built 56 times in classic Reinforced Concrete (RC), and to assess the potential benefits
and drawbacks of SC technology for nuclear applications and other construction sectors.
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Figure 1. 3D global view of SCHEDULE pilot building during construction

The only two main modifications of the pilot building of the SCHEDULE project with respect to the
RC DUS are the addition of a nuclear pool and a thicker corner representative of an AirPlane Crash (APC)
barrier at the last levels of the building. The structure consists in walls and slabs and is founded on a classic
RC raft which is outside the scope of the SC demonstration.

This paper presents the structural design of the pilot building of SCHEDULE project and is
completed by two other papers about SCHEDULE project in this conference:
e Burgan et al. (2024) presents the global project objectives, the project management and workshop
production for the steel modules.
e Etienne (2024) deals with the pilot building on-site construction, presenting in detail the modules
storage, erection, connection, welding and concreting.

DESIGN ASSUMPTIONS

The RC raft is not part of the demonstration and does not need to meet all the performance requirements
necessary for the raft of a real RC DUS. Therefore, it has been designed using the site conditions of EDF’s
site “Les Renardiéres” site in France, at 80km south-east from Paris, and its dimensions have been modified.
The objective was to (i) have 0,5m of oversize in all the in-plane directions to have enough space in the
construction phase for the erection of modules and (ii) reduce the width in order to save concrete.

e Pilot Building - SCHEDULE 24,10m x 12,00m x 14,84m
e Raft- RC DUS 24,10m x 15,00m x 1,40m
e Raft- SCHEDULE 25,10m x 13,00m x 0,70m

The superstructure of the pilot building has been designed using the same site conditions as the 56
RC DUS buildings at the French nuclear power plants: nine soil conditions varying from soft to hard soil
(effective dynamic Young’s modulus varying from 84 to 17045 MPa), and a seismic PGA of 0.25g.

All the wall modules (thickness of 0,50m for the main walls and 0,30m for the secondary ones) have
two 8mm thick S355 steel faceplates (filled with C30/37 concrete) with welded components:

o Tie-bars ensuring the connection between the two faceplates during modules fabrication, erection,
and concreting, and contributing to the out-of-plane shear resistance in the concreted modules. The
retained S355 steel tie-bars have a diameter of 20mm and are disposed following a square grid of
0,40m x 0,40m in the current areas.

e Connectors (headed studs of Nelson type) ensuring the faceplate connection with concrete. The
retained S235-J2 connectors have a diameter of 19mm and are disposed following a square grid of
0,20m x 0,20m (except where coincident with a tie-bar location) in the current areas.

e Note: in the representative APC shell corner, wall modules are 1,3m width and the faceplate
thickness has been increased: 20mm on the external face and 12mm on the internal face
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All the slab modules (thickness of 0,50m) have a single 8mm thick S355 steel bottom faceplate (filled

with C30/37 concrete) equipped with welded components:

Stiffeners ensuring the slab resistance and stiffness during erection and concreting. The retained
S355 steel stiffeners have a T shape (web of thickness 8 mm and upper flange of 200mmx15 mm)
and are spaced by 0,80m in the current areas.

Connectors (headed studs of Nelson type) ensuring the bottom faceplate connection with concrete.
The retained steel connectors have a diameter of 19mm and are disposed following a square grid
of 0,20m x 0,20m (except where coincident with a stiffener location in which case they are placed
at the top of the stiffener’s flange) in the current areas.

Figure 2. Example of wall (left) and slab (right) modules in SCHEDULE project

The internal faceplates of pool wall modules and of the bottom slab are in stainless steel 304L, while

the bottom plate of the roof, the external faces of the walls and all the stiffeners are in S355. The stainless-
steel studs welded to the internal stainless-steel faceplates are spaced 167mm apart to prevent buckling
under accidental thermal loads, providing a higher connector density than in the current areas.

The design of the SC superstructure has been performed with basically the same actions and

combinations of actions as the ones of the RC DUS, in order to be able to compare the two buildings. For
example, the following accidental actions of the RC DUS are considered:

Design basis earthquake: PGA = 0,25 ¢

External explosion: Equivalent static overpressure on walls = 20 kPa

Tornado EF4: wind load and tornado missiles: car of 1200 kg and steel pipe of 130 kg at 28 m/s
Fire: required fire stability of 2 hours

In addition to the RC DUS actions, we have considered the following particular actions:
Drying shrinkage is considered only for the floor slabs and the raft (considered for computing the
induced deflection of the floor slab)
The wind pressure at “Les Renardiéres” site is given by a basic wind velocity of 24 m/s and is
considered only on the erected empty steel wall modules before concreting.
Water level in the pool up to 0.20m below the floor and an accidental water temperature of 120°C.
Dropped loads are considered only on a SC slab module, for a mass of 300kg, with a diameter of
the impact = 0,80m, and a drop height = 1,50m
The specific construction loads on SC modules during the construction phase are considered and
presented in a chapter in this paper.
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GLOBAL STRESS ANALYSIS

The global design has been performed using a 3D ANSY'S Finite Element (FE) model of the building using
2D shell elements of average mesh size of 0,5x0,5m for the walls and slabs, created from the geometry of
the TEKLA BIM model. The mechanical properties of the modules (in-plane, out-of-plane bending and
out-of-plane shear stiffness matrices, and the stiffness center eccentricity) are calculated according to
SCIENCE Design Guide and applied to shell FE using pre-integrated section properties (SHELL181
element). They have been calculated by supposing a 8mm thick faceplate everywhere and we have verified
from the results that it is sufficient. Wall-wall, wall-slab and slab-slab connections are considered fixed,
and the orthotropic effect of stiffeners in the SC slab stiffness is neglected.

Figure 3. 3D TEKLA BIM Model and 3D ANSYS FE model

The seismic analysis is performed using the elastic response-spectrum method. The soil-structure
interaction is represented by springs with impedances. The modal and the earthquake direction responses
are combined using the CQC and Newmark combination methods, respectively.

The structural analysis has been performed for all the actions. According with SCIENCE Design
Guide, the forces and moments obtained at each shell element for each combination are used to verify that:
e Therequired faceplate thickness is equal or less than 8mm. The concrete and steel faceplate stresses
are calculated assuming a plane section and elastic behavior for both materials (except for concrete
in tension which has no resistance). The Von-Mises criterion is used to calculate the minimum
required S355 faceplate thickness. The example of Figure 4 shows a only a local stronger demand
in the corners of the openings, which is ensured both by the faceplate but also by the perpendicular
plate placed in the thickness of the wall for closing the opening.

e The verification of the concrete resistance, the local buckling of the faceplates in compression, the
in-plane shear resistance (with the connection faceplate-concrete ensured by the headed studs) and

the out-of-plane shear resistance (ensured by the tie-bars and the concrete).

2 4 6 8 10 (mm)

Figure 4. Example of needed faceplate thickness for wall A of the pilot building
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CONNECTIONS

Even if the global stress analysis has been done under the assumption of continuous walls and slabs, the SC
structure of the pilot building consists in the assembly of several wall and slab modules, following the
layout given by Burgan et al. (2024) and which can be partially observed in Figure 3 (left). The choice of
the connection solution having a significant impact on allowed manufacturing and erection tolerances, on
mechanical stiffness and resistance and on construction cost, several solutions have been analyzed during
the project. For each type of connection, an agreement has been found between partners to find the optimum
equilibrium between cost, manufacturing, erection and design considerations.

The SCIENCE Design Guide states that design of connections shall account for at least the following
ductility criteria have been satisfied:
¢ When subjected to seismic actions, all connections shall be designed to resist 1.25 times the
nominal resistance of the weaker of the connected members or, alternatively, for 2 times the seismic
actions plus the non-seismic actions calculated from the global analysis of the structure for the
design combinations of actions.
e For all other cases, design of connections shall be carried out for 1.25 times the design actions.

Connection between wall modules

The connection between wall modules have been designed using the ductility condition of a resistance of 2
times the seismic actions plus the non-seismic actions. Three different solutions for the connection between
wall modules have been tested in the pilot building:

e Connection by internal dowel bars

e Connection by bolts

e Connection by welds

First, the connection by internal dowel bars has been retained for the first 4 out of 6 rows of modules
of the pilot building. This solution was developed in the framework of SCIENCE project and patented by
EDF. It consists of placing short dowel bars embedded in the concrete perpendicular to a joint between two
modules, which ensure the transmission of the faceplate force through concrete and connectors. For the
transmission of the force from the dowel bars head to the concrete, it is needed a high confinement ensured
by a sufficient density of tie-bars in the connection area. One of the advantages of this connection is that
the tolerances can be less strict than the ones specified for the panels for welded connections.

In the pilot building, the retained solution consists of embedded M30 steel bars class 8.8 spaced 200
mm apart. Since for the retained 8mm thick S355 steel faceplates only about 50% of the faceplate capacity
can be transmitted with this configuration, a dowel bar spacing of 133mm has been necessary in the most
solicited areas. An additional membrane shear verification at the construction joint has been done in the
concrete.

This connection has been used in the pilot building for both horizontal (with vertical bars) and vertical
(with horizontal bars) joints. The vertical bars are be placed in the “first layer” (outer) and the horizontal
bars in “second layer” (inner) for enabling the placing of the bars in second layer and because the bending
moment of horizontal axis is predominant (the external walls are spanning between the horizontal slabs).
The length between the edge of the faceplate shall be at a minimum less than the half of the standard spacing
of the tie bars, so less than 200 mm. Since the part of the faceplate between its edge and the first row of tie
bars behaves as a cantilever that resists the pressure of the fresh concrete, the length between the edge of
the faceplate and the first row of tie bars has been reduced to 150 mm.
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The ductility of this connection has been analysed experimentally in the framework of SCIENCE
project for one geometric and material configuration. The ductility and mechanical behavior for other
configurations will be analyzed by numerical non-linear analysis and by experimental tests on the pilot
building or on specific mock-ups (outside the scope of the SCHEDULE project).

L e o s o e o L

Figure 5. Wall modules connection by internal dowel bars

Second, the connection by prestressed bolts has been retained for only two vertical joints between
two wall modules. By using Hollo bolts HB20-1 spaced by 100mm in the direction of the joint, a similar
connection resistance as the one of the retained dowel bar connection has been designed. The holes in the
faceplate and the connecting plate are drilled simultaneously on site, to avoid any out-of-tolerance issue.

Third, the connection by welds was retained for the last 2 out of 6 rows of modules. The stabbing
guides at the top edge of the bottom panel act as welding backing plate Two different solutions have been
considered and tested in the pilot building:

e Butt welds, retained for the for the thick corner modules representative of an APC shell and for the
pool, to transmit the full faceplate capacity.

e A connecting plate and two fillet welds, retained everywhere except for the thick corner modules
representative of an APC shell and the pool. The welding is easier and allows greater tolerances
than butt welds. However, the mechanical transmission of the forces is less straightforward than in
the butt weld configuration.

Site weld

Workshop Site weld Workshop
welds Stabbing guide weld Stabbing guide

Figure 6. Stabbing guides used as welding backing plate (fillet weld on the left, butt weld on the right)
Connection of the slabs onto the wall modules

In the framework of SCHEDULE project, seven different solutions have been analyzed for the connection
of the slabs onto the wall modules. The retained solution in the pilot building is a bolted solution:
o Holes are drilled at the workshop in the wall faceplate and nuts for bolt M20 tack-welded on the
inner face of the faceplate.
e The 150*150*10 angle cleat is connected to the wall faceplates by bolts M20 screwed in the nuts,
using the slotted holes in horizontal direction drilled at the workshop in the angle.
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e The angle is connected to the web of the stiffener by 2 M20 bolts class 8.8 in 22mm holes. The
holes in the angle cleat and in the web of the stiffener are pierced simultaneously on site. The
resistance of the two bolts working in shear is 148KN, which is sufficient for the pilot building.

Figure 7. Bolted connection between a wall and the stiffener of a slab module
Connection between slab modules

Even if several solutions have been analysed for the connection between slab modules, it has been decided
to provide only a temporary connection of the bottom faceplates for the construction phase. However, in
the concreted slab, top reinforcement is continuous and participates to the resistance.

SPECIAL DESIGN AREAS

In addition to the global verification of SC walls and slabs and their connections, the pilot building has been
verified against three local actions occurring in special areas:
e Resistance of walls and slab modules against an accidental fire of the fuel tank and diesel generator.
o Resistance of the floor slabs under dropped loads.
o Resistance of the wall modules submitted to the actions of equipment attached to the faceplate.

First, the fire resistance at t=120 minutes is verified for a temperature of 1049°C for the walls and
slabs with the ISO 834 standard fire curve, and for a fire temperature of 1100°C with the hydrocarbon fire
curve defined in 3.2.3 of EN 1991-1-2 for the parts enclosing the fuel tanks and the diesel generators:

e Slabs exposed to fire from the lower side: bending resistance and shear resistance of the web and
the connection is verified.

e Walls exposed to fire from one side (for the most critical case of the wall of line 3, with a
geometrical slenderness of 7,5): buckling resistance is verified with a large safety margin.

Moreover, the feedback from the fire test of SCIENCE project showed that SC wall modules have
good fire resistance up to 150 minutes, for wall modules which were thinner (300mm) than the ones of the
pilot building (500 mm).

Second, the resistance of the floor slabs under dropped loads has been verified for a mass of 3 tons
of 80cm of diameter dropping from 1,50m at the center of the slab using analytical formulas for RC.
However, if the load drops near the support (the wall), the connection between the slab and wall modules
could be not sufficient from analytical calculations. It has been concluded that, outside the scope of
SCHEDULE project, it would be interesting to (i) develop numerical calculations and (ii) perform a
dropped load test on the slab of the terrace of the pilot building after the end of SCHEDULE project.
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Finally, linear elastic numerical calculations have been performed to assess the capacity of equipment
attachments on the modules faceplates through welded plates, showing a great capacity. Actually, the
possibility of connecting heavy masses and equipment on the SC wall modules at any possible location
with a plate welded on the faceplate is one of the main advantages of SC construction. It has been concluded
that, outside the scope of SCHEDULE project, it would be interesting to (i) develop numerical calculations
(achieved now) and (ii) perform tensile and bending tests on welded plates on the faceplates of some wall
modules of the pilot building after the end of SCHEDULE project.

REINFORCEMENT EXECUTION DRAWINGS

Even if the superstructure of the pilot building is made of SC modules, steel reinforcement has been
provided for the RC raft (outside the demonstration) and for the SC slabs. For both cases, the FeE500
ductility class B steel reinforcement section demands are calculated first from the results of the global stress
analysis. Then, the reinforcement has been designed in 3D in the TEKLA BIM model of the pilot building.
Therefore, several discussions and iterations have been necessary with partners to solve clashes with other
permanent or temporary steel elements (studs, stiffeners, steel pieces used during the erection, ...).

The retained longitudinal reinforcement is HB20@400 in both directions of the top layer. These
reinforcement bars are overlapped with short (lap length) bars which are anchored in the walls through
couplers tack welded on the faceplate and connected to a headed bar inside the wall, assuring the
transmission of the tensile force of the rebar inside the wall module. In addition, at the bottom of the slabs,
it has been added (only in the direction of the stiffeners) short bars anchored in the wall (with the same
coupler and headed rebar solution), assuring the transmission of tensile forces of the faceplate.

Top coupler
/reinforcement
in the direction of
stiffeners

Bottom coupler/
reinforcement
only in the
direction of
stiffeners

Top coupler/
reinforcement
in the direction
orthogonal to
stiffeners

Figure 8. Slab reinforcement bars and their anchoring bars (in red color) inside the walls

VERIFICATION OF THE STEEL STRUCTURE DURING THE CONSTRUCTION

One of the main advantages of the SC construction is the rapidity of the building erection. However, since
wall and slab modules are erected before concreting, they must be stable and resistant before the hardened
concrete action. Several discussions with the project partners (in particular, with the on-site construction
one) have been necessary to define the construction phases and methodology. For each phase, the resistance
of the non-concreted steel modules has been verified against the wind, the weight of the working platforms
anchored in the non-concreted walls, the construction loads, and the fresh concrete pressure during modules
concreting. Etienne (2024) presents all the details concerning the construction methodology and phases.

Figure 9 presents two examples of FE analysis for the steel structure verification during erection:
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o (Left) The verification of the out-of-plane deformation of a non-concreted wall (whose horizontal
stability is ensured by an inclined strut) supporting a working platform. The risk is to have a poor
alignment with the base of the wall module that will be erected at the top of this one.

o (Right) The verification of the stress in the faceplate near the location of a welded plate supporting
a Magot jack that supports the non-concreted wall module and that transmits the self-weight and
all the construction loads to the walls at the bottom. The conclusion is to prevent the concreting a
slab supported by a non-concreted wall as this one, since the large vertical force to be transmitted
would create the yielding of the faceplate around the support plate.

Figure 9. (left) Displacement (m) originated by the working platform and (right) stress (Pa) under
construction loads at the Magot jacks’ location connecting two rows of wall modules

With the slab characteristics given in the “Design assumptions” chapter for the current areas
(thickness of the bottom plate of 8 mm, stiffeners spaced by 0,80 m and made with a web of 8 mm and an
upper flange of 200mm x 15 mm), the slabs are able to support without any shoring their self-weight, the
weight of the fresh concrete and the construction load.

The action of the fresh concrete pressure is sizing for the faceplates thickness of the wall modules
(and/or the tie-bars density), unless adopting significant limitations for the concreting. In the pilot building,
we have considered a concreting rate of 1m/hour, a concrete temperature of 15°C, the end of setting of 10
hours, a F4 consistency class and a maximal pouring height of 4.72m. According to German DIN 18218,
the maximum fresh concrete pressure acting on the faceplates is 60KN/m2. The resistance of the faceplates
submitted to an internal pressure g, mq is calculated using SCIENCE Design Guide:

1.6(B2pp+Borr) 3ty

2
YrSitieSttie

9p,max =

)

where t,, is the faceplate thickness, s;:, and s;.; are the tie-bar spacings in the longitudinal and
transversal directions, respectively, B;ff IS Sy tie/2, Begy is the minimum between s;../4 and 20t,,
fy is the steel faceplate yield stress and y; is the partial factor for fresh concrete pressure.

According to this formula, the minimum faceplate thickness (among the commercially available
thicknesses) necessary to resist the concrete fresh pressure of 60KN/m2 is 8 mm (ensuring a resistance for
113 KN/m2). As the global stress analysis has given necessary faceplate thickness less than 8mm for the
concreted and finalized pilot building submitted to mechanical actions, it has been decided to use 8mm
everywhere in the pilot building.
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CONCLUSION

The SCIENCE R&D project (2013-2017) had already allowed to progress in the SC technology in Europe
and the SCIENCE Design Guide has been drafted. SCHEDULE R&D project is in the continuity of
SCIENCE. In SCHEDULE project, several possible design solutions have been analyzed. The dialogue
with the partners has allowed us to converge on solutions that seem us optimal for the moment and can be
retained for future projects.

The global design and execution of the pilot building has proven the interest of SC construction for
nuclear buildings, including for the two components that have been added to the design of the RC DUS:

e APC barriers in SC should be promising when compared to classic RC solution, since there is no
need of very high density of longitudinal reinforcement in both horizontal and vertical directions
and on the two faces, and there is no risk of ejection of the concrete cover of the internal face behind
the impact, as for a RC wall.

e Nuclear pools in SC with butt welded connection of the internal stainless-steel faceplate ensure
leak tightness (as classical liners on RC structure) and structural resistance (different from classical
liners on RC structure).

e A great advantage is that unplanned connections of small components can be done by welding
directly the support onto the steel faceplates.

However, two drawbacks should be taken into account when designing SC structures:

e The design should be stabilized earlier than in RC structures (between the client, the designer, the
modules manufacturer, and the civil contractor), before manufacturing the modules.

e Modifications after construction could be more complex than in RC structure, unless when drilling
some holes in a concreted module or welding some local strengthening pieces.

The main feedback obtained from the design of the pilot building of SCHEDULE project will be
used for drafting the “Technical Status on the Design and Construction of Steel Concrete Structures”
(PTAN) to be used as a basis for the creation of the new chapter “Steel-Concrete Structures” in the next
revision of the RCC-CW (2025). This on-going work is presented in Corbin et al. (2024).
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