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ABSTRACT

The design of nuclear civil structures based on rules in European standards makes extensive use of
the Finite Element Method (FEM). The size and complexity of the models are continuously increasing.
Lately, the post-processing of the FEM results has centered the engineers’ contribution on analyzing
the reinforcement density produced using automated methods dealing with shell or plate models,
which often leads to excessive plate use even in D-regions (discontinuity or disturbance region). This
practice is particularly problematic for nuclear structures, which exhibit a large set of massive parts

due to radiation protection requirements in many areas such as the reactor pit, the raft, or the



containment gusset. Furthermore, these substructures are generally not well aligned with thin
structural elements (such as slabs and walls) due to heavy equipment, piping, and HVAC (heating,
ventilation, and air conditioning) constraints. This is contrary to what should be done to achieve the
best engineering design

To address these issues, an overall modeling and post-processing approach is proposed herein. The
objective is to enhance the implementation of the finite element model and the post-processing phase
to improve the quality of the modeling and reinforcement of B (non-disturbed region) and D regions
without significantly impacting the time needed for the design.

A second objective of the proposed methods is to improve the constructability of reinforced concrete
nuclear structures. Indeed, the current modeling approach, which often misuses shell elements, often
leads to a significant overestimation of the required reinforcement density and consequently
complicates the fabrication of the reinforced concrete structures.

To illustrate the approach used here, an example based on a building typical of a nuclear structure is
presented. The distinct benefits of both the overall modeling and the reinforcement post-processing
are highlighted. This approach exhibits a saving of nearly 25% on the bending reinforcement sections
of the outer walls compared to a practice that doesn’t account for the improvements presented in the
paper. Moreover, it reduces the maximum values of reinforcement due to bending of a plate by almost
40% without changing the reinforcement calculation process. It also provides a smoothing method of
the reinforcement ratio fringes based on energy conservation. The method is automated and replaces
the common, time-consuming practice of averaging the reinforcement ratios for arbitrary defined sets

of finite elements.

Keywords: Reinforced Concrete Design, Modeling Strategy, Constructability, Wall-Slab Connections,

Strut-and-Tie Model, Optimization, Reinforcement calculation



1. Introduction

Since the introduction of the Finite Element Method (FEM) codes, advanced material and finite
element models have been developed to analyze and design concrete structures. In contrast, the
modeling and post-processing techniques used by the nuclear industry are evolving slowly.
Nevertheless, it is possible to improve the way these structures are designed with a more consistent
approach, even without changing the design standards.

Current calculation and post-processing methods based on shell elements lead to local excesses of
reinforcement densities (see (Hervé, etal, 2014 (a)) and (Hervé, et al,, 2014 (b)). It is quite common
for engineers to decrease these peaks by smoothing the reinforcement densities over a set of adjacent
finite elements. Since the smoothing methods are not detailed in construction standards, it is usually
done using “engineering judgment” or heuristics thatlack a robust mechanical basis and are therefore
open to discussion. Moreover, this step can be time-consuming. This issue was addressed by
(Eleftheriadis, et al.,, 2018), where smoothing was carried out at the end of the local reinforcement
calculation but without challenging the modeling and post-processing.

This paper focuses on enhancing the overall modeling and post-processing approach to improve the
quality of the mechanical response by avoiding the use of shell elements in D regions and provides
methods to handle D regions properly. These new methods are implemented in a finite element
software, reducing the engineering time required to set up the model. This approach considerably
decreases the reinforcement ratio in B regions (non-disturbed strain regions), thus reducing the need
for smoothing. Furthermore, a mechanically based method is proposed to smooth the reinforcement
ratios in these B regions inspired by existing approaches used to treat D regions.

The propositions are substantiated using a simple structure with a set of structural features typical

of nuclear structures. The appropriate modeling of wall-slab connections through specific elements



and kinematic relations leads to a consistent reduction in reinforcement, fewer singularities, and a
much more realistic stiffness. To address the second objective introduced in the abstract, an academic
example is given to illustrate the theoretical background to deal with reinforcement calculation in the

multiscale perspective.

2. Usual engineering practice for the design of reinforced concrete nuclear structures

The French nuclear practice set up during the last three decades typically consists of the following
steps:
e A FEM structural linear analysis (see (RCC-G, 1989), (ETC-C, 2010), (RCC-CW, 2019) which is
carried out using principally plate and shell finite elements,
e A standard basis for reinforced concrete buildings (EN1992-1-1:2004, 2004) massively
focused on beams and columns or columns and slabs,
e A design flowchart for B regions is organized as follows:
o Generation of the reinforcement sections’ fringes by post-processing of FEM results
based on (Wood, 1968), (Capra & Maury, 1978) and (Marti, 1991);
o Manual smoothing of the reinforcement sections to avoid the peak values generally
related to modeling issues;
o Generation of the reinforcement drawings based on smoothed fringes, considering
overlapping and anchorage lengths;
o Outputs of the detailed reinforcement drawings incorporating the rebar
arrangements and several details.
If we disregard specific aspects of standards, the overall modeling methods are constrained by certain
common architectural aspects. Indeed, the design of nuclear civil structures requires elements with

large thickness variability due to constraints related to radiation protection, malicious acts, and heavy



equipment. Besides that, many thinner walls and slabs are connected to these thicker parts, as shown

in Figure 1.

Figure 1: Typical cut of a French EPR based on (Hervé, et al., Comparative study of shell element and brick element
models for NPP structures, 2014) for which the concrete thicknesses are schematized to see the association of
thick and thin elements.

These thickness variations induce significant variations in stiffness that are not well captured by a
model using only plates and shells. The structural scheme of these buildings, braced by shear walls,
has a substantial degree of static indeterminacy. It is shown here that the sole use of plate and shell
finite elements is not appropriate but shall be coupled to brick elements for every D region, such as
connections and massive parts. Nevertheless, if not accompanied by proper post-processing, a change

in the modeling of those D regions will not solve constructability issues.

3. B-Region design enhancement - Toward an automatic smoothing of reinforcement that is

mechanically substantiated

As introduced at the end of the previous section, post-processing needs to be enhanced. Even the most
recent papers (Eleftheriadis, et al. , 2018) do not address the non-local issue of reinforcement
calculation due to numerical peaks of the quantities of interest (moments and forces). Indeed, they
propose algorithms to cope with local reinforcement calculation peaks and smooth them up to the

size of the studied structural element (part of a slab or wall). The objective of this section is to propose



a new fully automated approach. It takes advantage of the field transfer techniques (see
(Ibrahimbegovic, et al.,, 2009)) and conserves the potential energy to consider a complete equivalent
set of generalized forces that can be used with classical reinforcement calculation algorithms at a scale

larger than the mesh size.

3.1. Reinforced concrete plate local-global design method

The underlying assumption related to the Ultimate Limit State design, considering the reinforcement
calculation based on (Capra & Maury, 1978), (Wood, 1968) or the sandwich method (Marti, 1991) at
the local finite element scale, is that each element is a potential weak link in the structural design. The
calculations are based on linear elastic models considering constant EI values for each load case. This
assumption is no longer valid when considering nuclear structures braced by a labyrinth of shear
walls and diaphragm slabs with a considerable degree of static indeterminacy.

The first key to the proposed local-global design method of reinforced concrete slabs assumes that
the search for a weak link should not be done at the scale of a finite element. Instead, it should be
performed at an upper scale consisting of a part of walls or slabs that are hereafter referred to as
panels. Therefore, the method focuses on the design of each panel as a whole and not on each finite
element within it.

The forces and moments of plates are calculated based on the plate deformation subjected to
membrane action, bending, and out-of-plane shear, as shown in Table 1. These elements are coming
from the displacements and rotations of the mid-plane for Kirchhoff-Love plates considering the

hypothesis of small strains.



Table 1: Forces and moments based on displacement and rotations in Kirchhoff-Love plates.
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The quantities of interest are considered on the tangent plane of the plate and expressed in a local Cartesian coordinate system

3.1.1. Automatic identification of homogeneous zones

The use of panels requires their division into sub-domains by considering out-of-plane bending and
shear since those terms can evolve within a wall or a slab. However, the membrane forces are
approximately homogeneous within a panel. The typical quantity of interest of these mechanical
responses is the vector of rotations at the mid-plane level. Thus, a scalar indicator (ig in Equation (E.
1)) is proposed here, based on the sum of the square of their divergence. It is proposed here to take
into account the local extrema of intensity to generate the seeds of a Voronoi of the panel ( (Voronoi,
1908) ; (Aurenhammer, et al. 2013)). This indicator consists of the quadratic sum of the curvature in

the local coordinate system of the plate.
T 2 2
ig = [V <§j’>] [V <§i>] = (%) + <ﬁ> = Kyx? + Kyy”

E. 1
5 (E1)
The geometrical singularities of the structural elements are also considered to generate the seeds

since those geometrical singularities may not lead to a local extremum for the iz indicator.



The example of a 5mx10m plate clamped on two adjacent edges and loaded with a vertical load on

the two opposite sides is proposed (see Figure 2) to provide a simple illustration of the method.

B

D - 10m

Figure 2: Rectangular slab (5mx10m) clamped on the upper and left borders
The ig indicator is plotted Figure 4. In this case, its extrema are located at the same place as the four
corners' geometrical singularities. This leads to a very simple Voronoi tessellation that divides the

slab into four panels, as shown in Figure 3.
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Figure 3: Rectangular slab of Figure 2 figuring out the cells (panels) automatically generated by Voronoi
tessellation considering the seeds in Figure 4



Figure4: ig indicator with the associated seeds for the slab exposed in Figure 2

3.1.2.Local-global expression of the deformations

The Voronoi algorithm provides a tessellation of the domain through a set of polygons that are not
necessarily rectangles (unlike what is shown in Figure 4, which is a specific case). Therefore, it is
considered that for any of the polygons of the Voronoi tessellation, a rectangle that bounds its corners
and whose segments are parallel to the global coordinate system. This rectangle is considered as an
influence area used to set up the local-global method applied to the deformation vector. The zones of
influence extend beyond the area of the polygons by the length of the rebar anchorage. A length of
30cm is used, which corresponds to 15 times the diameter of a 20mm rebar, according to the
(EN1992-1-1:2004, 2004). The homogenization associated with the local-global approach is carried
out using a weighted least square regression. This method is directly inspired by (Ibrahimbegovic, et
al. 2009). Different weighting functions are introduced depending on the nature of the deformation.
These functions are expressed in equation (E. 2) and are plotted in Figure 5, Figure 6 and Figure 7.

They were chosen to maximize the value of the out-of-plane curvature in the center of the influence



and the out-of-plane distortions at its boundaries. This way, the weighting functions presented in

Figure 5,Figure 6 and Figure 7 are consistent with the concept of the ig indicator.

( 4 2 4 2

X X
we(x,y) = vl B 2 vl B 1‘ X ll -2 ll + 1| for the curvatures

X X 4 A
2 2 2 2

{ (E.2)

wy(x,y) =1~ Wicer, )y (x,y) for the distortion
\ x and y origins are at the center of the influence area

The other quantities, such as the in-plane distortion, for in-plane shear force and torsion moment,
and the normal extension, for in-plane normal forces, are affected by the same weight set to one.

w, function within an influence area

g SRS

Normalized y length of the panei' ' Normalized x length of the panel

Figure 5: Weighting function associated with the out-of-plane shear

w,function within an influence area

S Normalized x length of the panel
Normalized y length of the panel



Figure 6: Weighting function associated with the curvature

W, and Wy.<ionfunction within an influence area

Normalized y length of the parielt R Normalized x length of the panel

Figure 7: Weighting function associated with the in-plane distortion and extension
Considering each Gauss point npg ( Xnpe ynPG) of the finite elements located within the influence area
whose center of mass is located at 0(x,y,), the values of the considered weighting function

associated to each deformation can be stored in a square matrix as shown in equation (E. 3).

Wi (X1 — X0, Y1 — Yo) 0

W, = (E.3)

0 h Wk(xan _xolyan _)’0)
The weighted least square minimization of the quantity considered for the homogenization process

of K, is written in equation (E. 4).
1 I ~
d= E (Kxx — Koo)' X Wi X (Kyy — Ky) (E.4)

{@} ={Kex - Kxx}1xnpg array
Kyx = {Kxx,l Kxx,npc}

Minimizing the functional d stated in (E. 4) leads to the scalar equivalent value in equation (E. 5):

{’é;c;c = (pWKpT)_lprKxx

withp={1 - 1} (E-5)

That is the average value of the quantity of interest weighted by the function w(x4, y;) in equation (E.

~ o~ o~ ~ @ ~

3.1.3.Potential energy conservation



The homogenized deformations are corrected so that their potential energy equals the sum of the
potential energy of any finite element located within the panel of area Sy, 5. This ensures that each
considered panel is designed to withstand the appropriate quantity of potential energy that the
complete structural response provides. Considering the bending, membrane, and shear potential

energy, the homogenized quantities of interest can be calculated as written in equation (E. 6).

~ _lor -
Wmembrane =€ Hme

~ 1.
Wbending E KTHfK (E. 6)

Wonear = S7TH,F
shear 2 Y sY

The correction of homogenized potential energy is carried out as presented in equation (E. 7) for the

bending case, including the three moments.

1

) k"Hpk.dS
o= [Epspene e (E.7)
jkTka X Spanel

Based on the corrected homogenized deformation, the forces and moments are calculated as shown

in equation (E. 8) for the specific case of bending moments.
myy + = Hy X K* (E.8)

The expression of each force can be calculated directly using:

(E.9)
m;x bending stiffness matrix fs l KTHfK. ds (pWKpT)—lpWKKxx
m;y = Hf kl;aHnek < S X (pWKpT)—lpWKKYY
m;y J panet (pwepT)_lpWery

scalar energy corrector )
weighted averaged curvatures



(E. 10)

* . .
Nyx membrane stif fness matrix

fS . eTHme. das (pwepT)_lpWenxx
* — ane _

Nyy » = Hm éz;H 5 xS X (PWePT) 1pI/Venyy
Ny m” " Cpanel (PWp") ' pW,n,,

scalar energy corrector

weighted averaged strains

(E. 11)
" shear stif fness matrix T -1
{Vde _ i fs panet ¥ Hsy.dS % (pWypT) PW, Yy«
VEy } YTHY X Spanel (pWypT)_lpWyyy
scalar energy corrector weighted averaged distortion
3.2. Example

To illustrate the advantages of applying a local-global design method to a reinforced concrete plate, a
concrete (C40 concrete strength class, f., = 40MPa) slab with dimensions 10m x 5m x 50cm is
considered. The boundary conditions are the same as shown those in Figure 2. The magnitude of the
applied load is 0.25MN/m. The concrete cover is 5cm, and the reinforcement is class B500B. In Figure
8, the results at the Ultimate Limit State are compared between local and local-global calculations.

Local-Global Design Method VS Local Method

%‘ Asu <" Local VS Local-global results E Asu - Local VS Local-global results
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Figure 8: Comparison between local-global results and local results based on section 3.1.3



Figure 8 exhibits the smoothing of the reinforcement sections over the slab. Figure 9 illustrates the
impact of the overall homogenization through the statistical distribution of the reinforcement section
for the upper bending reinforcement in direction Y. The design is simplified with only four
populations of reinforcement. Those figures show that the updated reinforcement sections, based on
the potential energy in each of the panels built with the Voronoi tessellation, equilibrate the overall
needs in reinforcement. Moreover, they eliminate local singularities. This result should considerably
ease the reinforcement scheduling process. Indeed, smoothing singularities of the raw reinforcement
fringes is very time-consuming. Furthermore, the reasoning used to eliminate peaks and smoothing
is generally not auditable as it is not thoroughly documented and mainly based on engineering

judgement. The proposed methodology avoids this by using arguments based on mechanical

assumptions.
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Figure 9: Statistical comparison between local-global results (orange color) and local (blue color) results based on
section O for the upper layers of bending reinforcement in X and Y directions

This example illustrated the capability of the approach to smooth the reinforcement quantities by
considering a rational approach. The result that an experienced engineer could achieve by smoothing
the reinforcement quantities by hand might be very similar. Nevertheless, it should be highlighted
that the proposed approach is more reliable because it comes from direct exploitation of the

calculation results without interpretation.



4. D-Region design - Specific case of the massive parts

The design of D regions (discontinuity or disturbance region) shall be carried out with the strut-and-
tie method (see (El-Metwally & Chen, 2018)). Existing approaches are reviewed and divided into
three different families to meet the industry's need for automation:

- Discrete topology optimization: This approach consists of the optimization of an equivalent
reinforced concrete lattice made of trusses based on the minor principal stress flow path
(Mendoza-Chavez, 2018) so that the ground structure (Sotiropoulos & Lagaros, 2020) is
reduced to its smallest size and very consistent with the strut orientations, as recommended
in the usual practice (El-Metwally & Chen, 2018).

- Continuum topology optimization: The minimum amount of material is determined by
considering evolutionary or cost function optimization ((Almeida, et al.,, 2013), (Gayonr et al.,
2013, (Liang & Xie, 2000), (Muttoni, et al. 2015)). The final result requires post-processing,
especially for the bonding nodes at the junctions between the struts and the ties. The size and
orientation of struts and ties must be obtained based on the final results.

- Bi-material continuum mechanics optimization: this method is an evolution of the topology
optimization method described before. In this case, two media with different constitutive
equations are superimposed in each finite element (Jewett & Carstensen, 2019). An
optimization algorithm (Sigmund, 2001) or (Bendsoe & Sigmund, 2003) is applied. The
reinforcement can initially be oriented following engineering constraints. The concrete bond
in the nodes at the junction between strut and tie, when appropriately modeled, can be used

to check nodes’ resistances.



Regardless of the approach considered, it is necessary to perform the analysis for each load
combination. Therefore, the engineer must compare the results to identify the rebar arrangement

that satisfies the entire set of load combinations.

5. B-D connection design enhancement - Wall-slab connection case

There are several types of D regions, and then their connection to the surrounding B regions can vary.
In this paper, the specific case of the wall-slab connection is studied. A simple approach based on
kinematic operators between plate elements and eight nodes prismatic elements is presented (Hervé-
Secourgeon, Ph.D. Thesis, 2020). For the other general cases, the Arlequin method can be considered,

(e.g. (Ben Dhia, 1998) and (Qiao, Yang, Chen, & Zhang, 2011)).

5.1. Impact of inappropriate modeling of D Regions of the wall-slab connections

Among all the possible singularity locations, the peaks in reinforcement density generally occur
connection zones. These peaks often drive the reinforcement section choice in nuclear structures, and
local peaks often require manual smoothing to avoid excessive reinforcement. In one of the most
current European modeling practices of civil work design offices, walls and slabs are represented by
plate elements connected perfectly to each other at the structural connection axis. As seen in Figure
11, the connection is shifted by the thickness of the supporting structural element. An important
approximation is made by considering that the concrete part included in the connection volume is
only as stiff as the slab or wall when it should necessarily be stiffer. Considering the plate theory as
valid in these areas is neither legitimate nor realistic.

To address the error order of magnitude of this modeling strategy, it is also necessary to evaluate the
impact of the application of distributed loads to the entire span of a structural element. The results
obtained when the distributed loads are applied on the slab only between the inner parts of the walls,

rather than up to their mid-plane, should be considered when computing reinforcement demand.



Due to these modeling practices, the theoretical case of a beam embedded at its two ends is
considered to characterize the error quantitatively for static and seismic responses that are computed
using the response-spectrum method, as shown in Figure 10. Two different types of loads are

considered: a distributed load p or a concentrated load F.
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Figure 10: Theoretical examples of embedded beams considering two types of loads
The first natural flexion mode of an Euler-Bernoulli beam clamped at its two ends, and whose

accelerated massism = p/g is given in Equation (E. 13) considering its modal shape give in Equation

(E.12).
w(x) = —1.01781 (cos (?x) — cosh (?x)) + <sin (?x) — sinh (?x)) (E.12)

folw(x) .dx

folw(x)z.dx T 2mm’ 12

1 |EI 224 1
% (E.13)

~

[ts effective mass is given in (E. 14) considering the Rayleigh-Ritz method:

(folm.w(x).l.dx)2

fol m.w2(x)dx

Mesr = =~ 0.69ml o | (E. 14)

A participation factor expression defined in Equation (E. 15) :

fol m.w(x).1.dx 0

E. 15
fol m.w2(x)dx ( )

Pk =

The maximum displacement at the mid-span is given by Equation (E. 16). It depends on the spectral

displacement S, (f). It is thus also the case of the generalized elastic forces and moments since they

. . l
are directly proportional to Wy, pqa: (E’ f )



woaat (5:F) = w (3) P51 (5. 16)

Therefore, the mid-span response indirectly depends on the span given the expression of the modal

frequency, as shown in Equation (E. 17).

l 1 |ElI 22,4
Wmodal (E,f)=1315d E E l2 (E17)

[t is crucial to remember that FEM codes estimate the modal generalized forces based on the modal

displacement. This work assesses the impact of not taking the clear span into account, which is quite

different.
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Figure 11: Reference example using center-to-center span, l, and clear span, | — t
Based on Figure 11, p is defined in Equation (E. 18) as the ratio between the average thickness of the

columns at the ends of the beam and the span between the mid-axis of the column.

t
p=1 (E. 18)

Considering this ratio, the Equation (E. 17) and the well-known expressions of the maximum

deflection and moment of the cases in Figure 10, the respective errors are expressed and summed up

in Table 2.



Table 2: Modeling error on different quantities for the examples in Figure 10.

Quantities of interest #1 - Distributed load - Error | # 2 — Concentrated load - Error
Moment M 1 1 1 1

(1-p)? (1-p)
Deflection w 1 1 1 1

(1-p)* (1-p)?

First natural frequency (1-— p)z -1

As p is between 0 and 1, it is noted that inappropriate modeling leads to an overestimation of the
moments and deflections. However, it leads to an underestimation of the natural frequency. In the
case of the response-spectrum method, the errors on deflection and natural frequency are not
negligible for the Accidental Ultimate Limit State (see (EN1992-1-1:2004, 2004) and (RCC-CW,
2019)) combination involving earthquakes shaking effects. Indeed, modal forces that are

proportional to modal displacements are recombined.
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Figure 12: European Utility Requirement acceleration spectrum — Horizontal direction — Scaled at 0.4g adapted

from (RCC-CW, 2019)



In Table 3 the example of the European Utility Requirement site spectrum is considered, which is split

into five frequency domains. This spectrum is defined for horizontal direction and scaled by 2/3 for

vertical shaking.
Table 3: Modeling error on the deflection and the dynamic forces (¢ ~ 1,661) - Frequencies are

illustrated in Figure 12

Frequency Error on the deflection
and the dynamic forces
dom;m of Proportionality of the spectral displacement S, (f) d the dy o f
o fp onstant displacement: Dy, . o impact
[ ] C displ D No imp
v, 1
; Constant velocity: 2% oc [? — -
[fo; fel onstant velocity: 5 - A= p)? 1
1
(fc: fs] Constant acceleration: :;"T“;Z oc 1* A=y~ 1
"B e S 1
Max |ogJ—+10g Amax
[fB ;fA] —1 10 logﬁ O « —1 l4+2'c'l0gAZnIZ:x 4-+2cl0g—ZPA -1
4m2f2’ f2+c.logAZﬂ (1—p) 77 T Amax
1
[f4; o] Constant Zero Period Acceleration: 4:;';2 o [* DI 1

As stated before, the peaks of reinforcement densities are observed in the connection regions
between different slabs and walls. Some finite elements at the extremities of the plates are located
within these connections due to the thicknesses of the structural elements. The reinforcement of the
connections is set up by continuity of the reinforcement of the connected slabs and walls when the
preliminary sketches of reinforcement are done, taking into account the mandatory rebar
arrangements based on the applicable standard (RCC-CW, 2019). This is a source of overestimated
reinforcement demand, as the reinforcement density at this location is driven by the value of the
connected plates in the vicinity impacted by inappropriate modeling of the connection. Modeling the
clear span should be carried out to account for suitable application loads, the appropriate rigidity,

and avoid singularities. A modeling strategy is hereafter proposed to follow this recommendation.




5.2. Hybrid modeling method to improve B-D connection at the wall-slab junctions

To improve the finite element models in the areas of wall-slab connections, or wall-wall connections,
and to reduce the modeling errors detailed in section 5.1, changes to the modeling strategy for these
areas are proposed.

To define this strategy, the kinematics and rigidity of the connection zone were addressed. The one-
hundred-percent plate model usually used in engineering is constrained by the fact that the structural
elements (wall, slab) are supposed to be extended to the axis of the connection by plate elements or
shells of flexibility equal to that of the structural element, generally loaded identically to the floor
(mass, distributed loads), as detailed in section 5.1.

In this paper, a model is proposed that offers a significant improvement in the representation of the
kinematics and stiffness of the connection zone, while remaining compatible with the use of plate or
shell finite elements for the representation of structural elements such as walls or floors. To this aim,
a specific connection element, which represents the homogenized behavior of the connection, is

introduced within the shared volume between connected walls and slabs as presented in Figure 13.
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Figure 13: Principle of a wall-slab connection with the proposed model



The study of the connection kinematics on a reference model, made up entirely of brick elements and
subjected successively to out-of-plane displacements of the floor and walls and in-plane
displacements of the floor, has been intensively carried out in (Hervé-Secourgeon, et al., 2019). It led
to the identification of several main deformation modes in the plane perpendicular to the
connection's axis listed in Table 4. The proposed method provides a modeling methodology that is
easily automatized. It provides flexible junctions for instead of the rigid end offset method that has
been well understood for frame structures.

Table 4: Main deformation modes (in a plane perpendicular to the axis of the connection)

Mode Shear Horizontal and vertical Horizontal and vertical
(D bending dilation
(2et3) (4eth)

Sketch /7 /= ‘\ .//
) .

To these five modes of deformation, along the connection axis, the three rigid body motion modes
must be added: two modes of translation and the mode of rotation around the connection axis, as
discussed in (Hervé-Secourgeon, et al., 2019).

Apart from the tensile / compression deformation modes, whose contribution to the structure's
deformations is very small, the deformation modes correspond to those of a rectangular, linear, first-
order, finite element, with the faces of the connection remaining mainly plane. In three dimensions,
these observations remain true.

Therefore, it is proposed to model the connection at the scale of the building by a first-oder,
isoparametric, finite hexahedral brick element. This element is representative of the homogenized
behavior of the connection within the shared volume between the connected walls and slabs. To
transfer both translations and rotations between these elements and the connected plates, linear

kinematic relations are considered so that the average translations and rotations are transferred,



based on the hypothesis that the faces of the connections remain plane. The Kirchhoff-Love
hypotheses on the section deformations are satisfied at the border between the B and D zones by the
kinematic relations written, added to the equations governing the elastic connection hexahedral

element.
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Figure 14: Node numbering of the brick connection element in the plane perpendicular to the connection axis
It is noted in Figure 13 that the nodes in the local coordinate system of the connection that n;, n, n3
n4 belong to the connection and n5, n;, ns nsbelong respectively to the connected walls and floors.
The corresponding kinematic relations are written as to ensure continuity between the structural

element and the connection, as detailed in Equation (E. 19).
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These kinematic relations are used to enrich the matrix of global rigidity through dualization using
Lagrange multipliers corresponding to the generalized forces connecting the degrees of freedom of
the plates / shells representing the floors and walls with the degrees of freedom of the brick elements.

This model has been implemented in EDF’s in-house FEM Code code_aster (code_aster, 2020).



The validation of this elastic model for wall-slab connections has been carried out through a
systematic comparison between the proposed methodology, the usual practice based only on plates
and a reference brick element model validated by means of physical experiments on large scale
models. This validation is demonstrated in (Hervé-Secourgeon, Ph.D. Thesis, 2020) and (Hervé-
Secourgeon, et al,, 2019) and summarized in Figure 15, Figure 16 and Table 4. One can see that the
proposed method is almost systematically closer (for 5 cases out of 7) to the reference than the
current practice in terms of the macroscopic stiffness measurement (ratio between the applied force
or moment and the displacement or rotation observed at the application point of the force). Moreover,
the error does not exceed 5% when the connection is modeled with brick elements, while it can

exceed 10% if only plates are used.

|

V2 V4 H6

Cross sections of walls and slabs reference models

—
H1 V3 H5 H7
=9 Horizontal force applied along the edge ® Horizontal negative out-of-plane force applied along the edge
1 Vertical force applied along the edge @ Horizontal positive out-of-plane force applied along the edge

Figure 15: Reference cases based on (Hervé-Secourgeon, Ph.D. Thesis, 2020) involving three wall thicknesses from
30cm to 80cm and three slab thicknesses from 10cm to 60cm



Figure 16: Reference meshes — Full plate model (a) / Hybrid model (b) / Full brick model (c) based on (Hervé-
Secourgeon, Ph.D. Thesis, 2020)

Table 5: Summary of the validation test results (in %) in (Hervé-Secourgeon, et al., 2019)

Macroscopic stiffness
comparison (negative value :

stiffness smaller than H1 V2 V3 va H5 Ho H7
reference model)
Median
value of the
Proposed relative 4 . 2 > > ! 2
model VS difference
reference full Standard
brick model dev1at101} of 2 1 1 2 2 0 2
the relative
difference
Median
Vai‘ellzgf;he -4 1 .10 -6 3 2 2
Plate model VS .
difference
reference full
) Standard
brick model deviati £
eviation o 4 1 10 9 4 2 2

the relative
difference




5.3. Example on a structure typical of a nuclear building

A proof of concept has been carried out to evaluate the impact of the proposed modeling on seismic
reinforcement design. A simple structure was defined to ease visualization of the structural response.
It integrates some characteristics still up to date in nuclear buildings, considerable differences in
thickness from one structural element to another, discontinuity in walls (that is sometimes
unavoidable due to installation constraints), and a thick raft.

The structure is a 10.6m x 6.6m x 25m 5-story building. Each story has an average height of 5m, with

a 1.5m thick raft and walls. The thickness of the floors varies between 0.2m and 0.6m.

5
X Axis
Raft: plates

Soil: springs mat

Raft: bricks
Soil: springs mat

€Y (b)

Figure 17: 3D views of both models illustrating different approaches for the FEM models — (a) usual practice (plates
only) / (b) hybrid model (bricks, plates and wall slab connections)



Two models of this building, illustrated in Figure 17, were built:

e Areference model using plates,

e A hybrid model: the raft, the wall-slab and wall-wall connections modeled using brick
elements, brick-plate connection were implemented using kinematic relations based on
Lagrange multipliers.

A hard soil was considered: HA soil per the European Utilities Requirements, with a shear modulus
G = 6GPa, a Poisson's ratio equal to 0.3, and a shear wave velocity V; = 1550m/s. A spring mat
represents it in translation in three directions. The soil impedance curves were calculated following
the simplified Deleuze method (Deleuze, 1967) that provides in that specific case the same results as
(Gazetas, 1991).

The permanent and variable loads on the floors are between 10kN/m2 and 20kN/mz2. The earthquake
is represented by a broad-band hard ground EUR spectrum, scaled to a ZPA value of 0.4g for the
horizontal direction. The spectrum is scaled by 2/3 vertical shaking.

A comparison of the deformed shape of the structure of section 5.1 loaded by gravity loads shows
similar shapes but with reduced deformations at mid-span for the hybrid model. As the hybrid models
allow for the consideration of the clear span of elements, the deflections at mid-span computed with
the hybrid model are reduced. It should be noticed that the span of the walls and slabs considered
with the hybrid model for the considered building, is reduced by 6% to 16%.

The dynamic behavior of the two buildings, with a clamped base, is very similar with a negligible
impact on the overall modal shapes and frequencies. Nevertheless, the impact on the local modes
(bending modes of the individual walls or slabs for instance) is more significant, with slightly higher
frequencies computed with the hybrid model. Two sources can be identified that account for these
differences:

e the mass set in motion by the earthquake is reduced by 6% in the hybrid model because the

mass in the connections’ area is not double counted, and the surface loads are limited to the



clear dimensions;
o the stiffness of the structural elements (walls, slabs), directly linked to their spans as shown

in section 5.1, is increased in the hybrid models.
When accounting for the soil-structure interaction through a spring mat, the difference between the
two models is slightly more significant. There is up to 1 Hz difference in the natural frequencies of the
global modes. This is due to the impact on the flexibility of the raft when using brick elements in
hybrid model. The modal behavior remains relatively similar between the two models.
Figure 18 shows - with an identical color scale - the Y-direction reinforcement demand (in the
vertical direction for the walls, in the Y-axis direction for the floors), for the lower faces. The

reinforcement calculation follows (Capra & Maury, 1978).
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Figure 18: Reinforcement sections computed for both models to cover the 24 Newmark seismic loads combinations,
with accidental Ultimate Limit State criteria - Usual practice on the left - Enhanced proposed modeling on the
right
In order to quantitatively measure the need for reinforcement and to identify the potential impact on

constructability, the distribution of reinforcement sections and the density of reinforcement are

assessed using a simple descriptive statistics method. The relative distribution of the populations of



reinforcement sections was studied (Figure 19) over 100 classes distributed between 0 and the

maximum value of the reinforcement considered for the two types of modeling.
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Figure 19: Descriptive statistics overview of the results: reinforcement ratio (a), reinforcement in Y-direction
respectively on upper (a) and lower faces, reinforcement in X-direction respectively on lower and upper face,
shear transverse reinforcement — “Current industrial practice” stands for practice based on plate model
The reinforcement ratio helps to grasp the overall consequences of the optimization of the quantity
of reinforcement. In the example, the distribution of the reinforcement has been gathered on the
lower values. The optimization of bending reinforcement is the most significant. The singularities of
the connections that the kinematics has smoothed are improved due to the impact of the elements
presented in section 5.1. The repeated peaks in bending reinforcement distribution curves are

associated with the connections at each floor of the building.

For one of the external walls, a schedule of the reinforcement by level is estimated in Table 6.



Table 6: Longitudinal reinforcement diameters in mm every 20cm computed with the two

models, for the external VY3 wall (wall located at x=10.3m) - B500B grade steel

Usual practice model Proposed hybrid model
Level Vertical - Vertical - Horiz. - Horiz. - Vertical - Vertical - Horiz. - Horiz. -
external internal external internal external internal external internal
face face face face face face face face
1 D32+ 20 32 20 20 @32/25 @25 20 20
2 32 @32/25 16 16 @25 @25 16 16
3 &25 @25 16 16 20 20 16 16
4 20 20 16 16 16 16 16 16
5 12 12 12 12 12 12 12 12

For the entire wall, mainly loaded in bending by seismic actions, the proposed hybrid model enables
areduction in the longitudinal reinforcement of 25%. The reduction is significantly smaller, or almost
nil, on structural elements working mainly in membrane traction (floors or inner walls of lower
thickness). No minimum reinforcement criteria were considered here. The application of a minimum
reinforcement criterion on the considered wall would reduce de facto the optimization that could be
achieved regarding the quantities of reinforcement as computed quantities fall below the
corresponding threshold.

This example illustrates that the improvement proposed to the modeling of D regions within the
structure (massive zones, connections) is feasible at the scale of a nuclear building and led to the
expected optimization in terms of reinforcement, in accordance with section 5.1.

[t should be highlighted that the use of such optimized computation methods at the early design stage,
especially for nuclear buildings, should be accompanied by the application of deliberate design
reinforcement provisions. These provisions are dedicated to cover future project developments in

case of seismic retrofitting, for example, so that the installations' high level of safety is maintained.



The key benefit of this optimization is that the uncertainty linked to inappropriate modeling is
considerably reduced. Thus, the reinforcement provisions can be carried out through a deterministic,

or even a probabilistic approach, with a chosen and well-known level.

6. Conclusions

The developments presented in this article share one common objective: provide a rationale to
optimize the quantity of reinforcement actually needed in a nuclear concrete structure. Improving
finite element calculation without considering the post-processing of the quantities of interest is not
worthwhile. No industrial practitioner is expected to endorse the proposed improvement if
automation cannot be implemented. If one does not anticipate the best way to generate the quantities
of interest, any methodological improvement in post-processing is also meaningless, as the initial
result will contain so many errors that the final result will not be reliable.
To this end, a comprehensive modeling strategy is proposed from the finite element modeling
assumptions to the post-processing. An overall method is the only way to cope with the issue of
excessive reinforcement. If adopted, one should note that this modeling strategy is fully compatible
with and can be easily plugged into digital mock-ups. Thus, it can accelerate the transfer between
Computer-Aided Design, FEM calculations, and reinforced concrete structures design.
In this work, the following questions have been addressed and developed in the code_aster FEM
software (code_aster, 2020):
- Proposing a way to model B and D regions and their interface using specific connection finite
element kinematical constraints adapted to the actual geometry of the joint,
- Improving the post-processing of B regions using an upscaling approach that can increase the
generation of reinforcement schedule and smooth the rebar quantities,
- Summarizing the existing approaches to post-process D regions to automate the use of the

strut-and-tie method.



Through a proof-of-concept study carried out on a simplified building, it has been shown the benefits
of hybrid modeling involving both bricks and plate/shell finite elements connected through
kinematical relations. The gains consist of a 25% saving in reinforcement due to bending.

A particular academic example has been provided to demonstrate a new approach based on the local-
global concept to smooth the reinforcement needs by considering a field transfer method that
conserves the potential energy. The proposed approach enables the automatic identification of
homogenized panels considering an indicator based on the quadratic sum of the curvature of the mid-
plane of the plates.

These developments and tests have been carried out using the EDF in-house open-source FEM open-
source software code_aster (code_aster, 2020).

Some points are still under development and will be addressed in the coming years:

- Dregion: the automation of the strut-and-tie method will also need to take account of several
combinations to determine the reinforcement needs that are optimal for the whole set of
combinations,

- Bregion: the indicator used to generate the seeds of the local-global method is currently being
challenged as well as the optimum size of the Voronoi tessellation through a set of numerical
tests.

Adding a perspective to this strategic vision, it should be specified that these substantial modeling
efforts may be completed to reach the final performance-based design philosophy by accounting for

uncertainty and variability in the overall process.
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