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ABSTRACT

A deep geological repository is designed and will be built in Germany to store low- and intermediate
radioactive waste. An overview about the structure and its overall analysis is given in Hildmann (2024).
This paper considers the horizontal and vertical bearings of the decoupled reinforced cellar ceiling. The
decoupling is necessary to compensate unequal settlements of the overall structure during the operational
period. The vertical support is realized by elastic bearings. For the horizontal ceiling support a special bolted
connection is developed and analysed by a 3D-FE-model.

INTRODUCTION

The seismic calculations for the above-ground parts of the Konrad 2 building were carried out but not
finished in the early 1990s. For the seismic design of the buildings, an inelastic design spectrum was used
as a free-field response spectrum (DIN replacement spectrum). In contrast, the mechanical and electrical
plant components were designed using an elastic design spectrum based on seismological assessments
(KTA spectrum).

When the planning process started again the Federal Ministry for Radiation Protection decided that
the existing seismic verifications for safety-relevant above-ground buildings must be checked in accordance
with the current regulations. Additionally, the seismic excitation for these buildings must now consider the
elastic response spectrum (KTA spectrum), too. Figure 1 illustrates both free-field spectra for 5% damping.
In the vertical direction, the spectra were set at half the amplitude.

Figure 1. Design spectra free field, resulting horizontal excitation
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NEW DESIGN

Structure after the planning approval decision

Figure 2. Isometric / section view of the ZAA building incl. the winding, shaft lock subdivision,
decoupled ceiling (green) on vertical elastomeric bearings and horizontal adjustable spindle constructions,
decoupled winding tower on elastomer bearings.

The shaft cellar is a rectangular structure with a 1.20 to 2.0 m thick floor slab, founded on 156 HPI (High
Pressure Injection) columns. The 156 HPI columns were planned due to expected static settlements. It has
60 cm thick basement walls and a ceiling that is separated from the basement walls by joints.

The basement ceiling is decoupled horizontally by eight adjustable spindle constructions, while the
vertical support is provided by 24 elastomeric bearings.

There is a 7.15 m wide shaft in the middle. The shaft hall and its concrete walls extend up to the
+16.225 m level. Above this is the sheet metal cladding of the winding tower. The winding tower (+1.00 to
40.00 m) is founded on reinforced concrete pillars of the basement outer wall with elastomeric bearings.
The shaft hall extension is closed on three sides, with solid walls and a base plate and it is connected to the
shaft cellar. The control building is also connected to the shaft cellar. Vertical joints (10 cm) in the walls
separate the shaft hall extension and control building from the shaft hall. This serves the purpose of
structural decoupling. The calculation model includes the finite element analysis of the concrete structures
of the shaft cellar, shaft hall, shaft hall extension and control building using various FEM programs.
Replacement models for the winding tower, internal elevator tower and shaft lock base were integrated.
Dynamic soil parameters were determined using cross hole tests to determine the shear modulus and
Poisson's ratio. A 3D soil model simulates the soil-structure interaction through impedance functions, which
are simplified as spring models. The calculations consider earthquake load cases with varying soil
stiffnesses (Gmin, Gmax). The total mass of the structure in regular operation is approx. 12,600 tons.

shaft cellar

shaft hall

internal lift

external stairway

shaft lock subdivision on
decoupled ceiling

decoupled ceiling on elastomeric bearings
(green)

shaft hall extension

decoupled winding tower on
elastomer bearings
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The detailed design of the vertical and horizontal decoupled ceiling was not designed in the early
1990s.

Decoupled cellar ceiling

The shaft cellar ceiling is separated from the outer walls of the shaft cellar by a circumferential joint (5 cm).
The shaft cellar ceiling is supported vertically by 24 elastomeric bearings. The horizontal support of the
shaft cellar ceiling is provided by two horizontal contact points on each of the outer cellar walls (eight in
total), which can only transfer pressure. Figure 3 and Figure 4 provide an overview of the joint layout and
the bearing points.

Figure 3: overview of the decoupled ceiling (green transparent)

Figure 4: overview of vertical and horizontal bearing points

 vertical elastomeric bearings
horizontal ceiling support

path of the 5 cm joint
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Elastomeric Bearings

The elastomeric bearings on the shaft cellar ceiling height -0.6 m of the ZAA are designed in accordance
with DIN EN 1337-3 under dead load and earthquake. The basis is the FE calculations for the stiffness
cases G = 0.9 N/mm2.

The bearing loads are taken from the spring forces V in the global Z-direction. If two elastomeric
bearings are mapped onto one spring element, the loads are determined from the calculated spring forces
and moments with l = 1.3 m for the centre distance of the bearings.

Fz,d = V/2 + M/l (1)

However, the share of the moments in the superimposed loads is low. The horizontal displacements
and the bearing rotations are determined by back calculation from the horizontal bearing forces and
moments, divided by the corresponding calculated bearing stiffnesses:

vx = Hx/Kh (2)

vy = Hy/Kh (3)

ax = Mx/Kxx (4)

ay = My/Kyy (5)

The basis for determining the bearing stiffness is defined or determined as follows:

Shear modulus G:
Target values according to DIN EN 1337-3, Table 1 G = 0.7 N/mm2 bis 1.15 N/mm2

Dynamic shear modulus according to tests (TU Munich (1991)) max Gdyn = 1.0 N/mm2

Used shear modulus G = 0.9 N/mm2

Vertikal stiffness:
according to Eggert (1995) KV = Ei‧A/Tq (6)

Base area of the bearing A = a‧b (7)
Tq = Total thickness of the elastomer layers including cover layers
Ei = ideal modulus of elasticity according to Eggert (1995)
t = Thickness of the single elastomer layer

௜ܧ = 3 ݔ ܩ ݔ ቀ
ܽ
ݐ
ቁ
ଶ
ݔ ଷߟ (8)

Table 1: Factor for η3 depending on aspect ratio

b/a 1.0 1.5 2 3 4 6 8 10 ¥
η3 0.140 0.196 0.229 0.263 0.281 0.299 0.307 0.313 0.3

Note: According to DIN EN 1337-3, section 5.3.3.7, the total deformation of a reinforced bearing is
determined according to the following equation

߭௖ = ෍
௭ܨ ݔ ௜ݐ
´ܣ

ݔ ቆ
1

5 ݔ ܩ ݔ ଵଶݏ
+

1
௕ܧ
ቇ (9)
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This equation leads to lower bearing stiffnesses. In view of the increase in rigidity under load and
under dynamic stresses, the formulation according TU Munich (1991) with G = 0.9 N/mm2 is used.

Horizontal stiffness according to DIN EN 1337-3, section 5.3.3.7:
- Restoring force

The restoring force Rxy is determined as follows:

ܴ௫௬ =
ܣ ݔ ܩ ݔ ߭௫௬

௘ܶ
(10)

Rxy  the restoring force that acts on the structure from the horizontal deformation of the
bearing.

A total base area of the bearing.
G shear modulus of the bearing.
Te total thickness of the elastomer under shear load.

From this follow KH = A‧G/Te (11)

Tilting stiffness according to DIN EN 1337-3
- Tilting stiffness

The rated value of the restoring torque in relation to a rotation about a bearing center axis parallel
to the longer bearing side (b) is determined by the following equation:

for rectangular bearings: ܯ = ܩ ݔ
ߙ ݔ ܽ´ହ ݔ ܾ´
݊ ݔ ௜ଷݐ ݔ ௦ܭ

(12)

To determine Ks, see Table below.

Table 2: Factor for the restoring torque

b/a 0.5 0.75 1.0 1.2 1.25 1.3 1.4 1.5

Ks 137 100 86.2 80.4 79.3 78.4 76.7 75.3

b/a 1.6 1.7 1.8 1.9 2 2.5 10 ¥

Ks 74.1 73.1 72.2 71.5 70.8 68.3 61 60

This results in the following
for the rectangular bearing Kφ = G‧a‘5‧b‘/(n‧ti

3‧KS) (13)

ti = thickness of a single elastomer layer
a‘ and b‘= width of the reinforcement plates from total width a or b according to Gumba (2011) minus
20 mm

In the case of elastomeric bearings mapped via one spring element, the bearing tilting is determined
from the moments only about the axis from the line connecting the two bearings. The tilting about the
associated transverse axis is negligible.
The utilization of the selected floor bearings was under 100 %.
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Horizontal ceiling support

In the overall model of the shaft structure, the horizontal support of the basement ceiling against the shaft
basement wall is represented by linear spring elements.

To determine the corresponding spring stiffness, a 3-dimensional FE model is derived from the
support structure. Based on an estimated support force, the overall stiffness of the structure is determined
by calculating the resulting deformation. This stiffness is then used as the spring stiffness in the building
model and the analysis checks the support forces.

The support structure consists of several components:

· Base plate

· Shear bracket

· Metal blocks with through-holes

· Reinforcing round steel D = 25 mm

· Head bolt D = 22 mm

· Threaded bolt M72 with corresponding nuts

All components are modelled in an FE-Program using solid elements (see Figure 5). The welded
connection of the blocks to the base plate is explicitly modelled with solids. The connection of the shear
bracket and the beam to the base plate is established via node merging.

The nut is also connected to the threaded bolt and the blocks via shared nodes. A gap is modelled
between the bolt and the blocks to prevent force transmission in this area.

Figure 5: Isometry; overview as half model; calculation as full model
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Figure 6: Isometry; weld seam modelling

Load on the FE model

As this is a linear calculation, the load on the stop construction is not relevant for determining the stiffness.
To be able to make an approximate statement about the stress level, the structure is loaded with the design
load, which was determined dynamically to 2350 kN.

Figure 7: FE model; load

The compressive load of 2350 kN results in a deformation at the bolt tip of 1.98 mm (see Figure 8).
This results in an overall stiffness of the stop construction of:

2,350 kN / 0.00198 m = 1,187,000 kN/m (14)

The stop construction is installed twice on each side of the ceiling (see Figure 4). This results in a
total of 2 x 4 = 8 support points. As this construction is only designed for force transmission in the
compression direction and not in the tension or transverse direction, only 2 of the 8 stops are effective for
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each directional movement. The remaining 6 stops are either transverse to the directional movement or are
located on the tension side of the ceiling.

In the subsequent calculations, the springs referred to are mapped as linear elements that can transmit
both tensile and compressive forces; this assumption is based on the chosen linear calculation approach. To
take this effect into account in the models, the spring stiffness is halved:
1,187,000 kN/m / 2 = 593,500 kN/m

This means that 2 springs are effective in each direction, which achieve a total stiffness of :
1,187,000 kN/m * 2 = 2,374,000 kN/m.

Similarly, 4 springs act simultaneously in the FE models, which have an identical total stiffness of:
593,500 kN/m * 4 = 2,374,000 kN/m.

Figure 8: Result FE-calculation; deformation

The supporting structure was dimensioned and designed for the determined load of 2350 kN. The
results show a realistically high but verifiable stress distribution.

,

Figure 9: Result FE calculation; Von Mises stress [N/mm²]
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Figure 10: Result FE calculation; Von Mises stress [N/mm²]

SUMMARY

In the early 1990s, the planning for the seismic design of the above-ground building structures of a
repository for medium and low-level radioactive waste was finalized. In the original planning, it was
determined that the basement ceiling must be adjustable due to the expected static, uneven settlements. The
basement ceiling is therefore decoupled from the building structure in the vertical direction by elastomeric
bearings and separated in the horizontal direction by a 5 cm joint. This paper describes the design processes
and the procedure for horizontal ceiling support and vertical ceiling support. The detailed verifications of
the support points result from the calculation of the overall building structures, based on two soil models
(Gmin and Gmax).
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