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Abstract

Tunnelling in zones with stress induced failure involving large ground volumes and large
deformation need additional construction measures. Possible support elements for this
boundary conditions are yielding elements with a prescribed force-shortening behaviour to
prevent the shotcrete lining from cracking. This circumstance should be considered already
in the design stage.

In this master’s thesis, the previoursely developed system of the yielding element has been
optimized. Due to the adaption of the initial stiffness and a smooth force-shortening
behaviour, a better shotcrete utilization can be achieved. Steel pipes with a certain material
behaviour in combination with a porous filling material and a porous concrete inlay have
been used. The calculation of the shotcrete lining utilization needs a few parameters like the
force-shortening behaviour of those elements, the tunnel advance, the time dependent
shotcrete properties, the number of gaps in the lining and the thickness of the shotcrete
lining. Furthermore, a calculation for the layout of the yielding elements with the help of an
Excel-sheet has been implemented to adapt the force-shortening behaviour according to
project based data.



Kurzfassung

Tunnelbau in Zonen mit spannungsbedingter tiefreichender Entfestigung bzw.
Plastifizierung im Gebirge mit gro3en Deformationen erfordert zusatzliche Malinahmen.
Mdgliche Ausbauelemente fur diese Randbedingungen sind Stauchelemente mit einem
vorgeschriebenen Kraft-Stauchungsverhalten damit die Spritzbetonschale nicht reift.
Dieser Umstand sollte in der Planung bertcksichtigt werden.

In dieser Masterarbeit wurde das zuvor entwickelte System des Stauchelements optimiert.
Durch das Anpassen der Anfangssteifigkeit und einen gleichmafligen Anstieg der
Arbeitslinie konnte eine bessere Spritzbetonauslastung erreicht werden. Stahlrohre mit
einem speziellen Materialverhalten in Kombination mit einem pordsen Fuller und einer
porésen Einlage wurden dazu verwendet. Die Berechnung der Spritzbetonauslastung
erfordert einige Parameter wie das Kraft-Stauchungsverhalten des Stauchelements, die
Vortriebsgeschwindigkeit, die zeitabhangigen Spritzbetoneigenschaften, die Anzahl der
Schlitze in der Tunnellaibung und die Starke der Spritzbetonschale. Aul3erdem wurde ein
Bemessungsprogramm fir die Auslegung des neu entwickelten Stauchelements mit Hilfe
einer Excel-Tabelle angepasst, um das Kraft-Stauchungsverhalten dem Projekt

basierenden Daten anzupassen.
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1. Introduction

The so called “yielding element” has been a research topic at Graz University of Technology
for years. Rabcewicz first introduced such a system in his dissertation
“Die Hilfsgewdlbebauweise” [1] in 1950, where he had the idea to integrate timber elements
in the shotcrete lining to deal with the large amount of deformations, but this knowledge fell
into oblivion for a long time so that no further research has been done.

At several tunnel construction sites in Austria a concept with open gaps was in use for a
long time, until a collapse at the “Galgenberg Tunnel”.

This event enforced Schubert et al [2] in 1996 to do some further development. They
introduced a system where single pipes are loaded in axial direction. A big disadvantage of
this system was the high oscillation of the force-shortening curve.

Moritz [3] adapted the system in 1999, to obtain an increase in its bearing capacity and to
reduce the oscillation of the force-shortening curve (System LSC).

This system LSC has been refined by Sitzwohl [4] in 2011, by Verient [5] in 2014 and by
Brunnegger [6] in 2016 with a porous filling material and different inlays to obtain a smooth
force-shortening behaviour and to decrease the initial stiffness.

With this knowledge, the rearrangement of the system LSC during this master’s thesis can
be finalized to launch a new product on the market (System LSC-N). These development

steps are visualized in Figure 1.

|
Schnitt durch Quetschkérper -
= — _:_‘
EIERCE
B —
s Rl TR

Rabcewicz Schubert Schubert,& Moritz Schubert & Brunnegger
Hilfsgewdlbebauweise 1950 Prototyp1996 LSC 1997 LSC-N 2017

Figure 1: from left: wooden elements [1], LSC Prototype [2], LSC [3], LSC-N [7]

picture from Moritz [8]



State of the Art 2

2 State of the Art

Yielding elements are niche products and there is already a wide range on the market. They
can be separated in different types according to Radon¢ic¢ [9]:

e Steel elements

e Porous concrete elements

e Hybrid elements

2.1 System — Welle

The system “Welle” is produced and distributed by SZ Schacht- und Streckenausbau
GmbH. Depending on the wave geometry (wave height, wave number and wavelength of
the profile waves) and the dimensioning of the element (sheet thickness, sheet length and
choice of material and/or steel quality), the force-shortening behaviour of the yielding
element can be adapted. Due to the design of the element, even during rock deformation
the load absorption can be adapted according the appearing rock conditions, for example

by inserting further sheet metal pieces [10].

E’ Stauchelemente - GRA7-A pro Ifm Tunnel
i -
o ' 7
! S
2000 . /-/_______..
1500 __g:ﬂ""-—
000 =T T
e ]
0,00 10,00 20,00 30,00 40,00 50,00 60,00
Stauchung [%]
——Probel ~———FProbe2 Probe 3 se=lintere Grenze Obere Grenze
Figure 2: Welle — SZ Schacht- und Figure 3: Force-Shortening behaviour - Welle
Streckenausbau
Advantages

o During the deformation of the rock mass this system is adaptable - insert of
additional plates lead to a higher resistance

¢ Different force-shortening behaviours due to variable dimensions (length, thickness)
and steel quality applicable

Disadvantages
e Relative high weight due to the high amount of steel - difficult installation

¢ Relative high production effort > high amount of weld seams
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2.2 System — hiDCon

The system hiDCon (highly deformable concrete) has been developed and is being
distributed by Solexperts AG. It consists of a high strength concrete matrix with porous
additives (See Figure 4). Furthermore, this system can be modified with styrofoam sheets
to reduce the initial high stiffness. [9]

6000
5000 -
4000
3000 -
2000 -
1000

Force [kN]

0 50 100 150 200
Shortening [mm)]

Figure 4: hiDCon — Solexperts [9] Figure 5: Force-Shortening behaviour — hiDCon

courtesy of Prof.Giovanni Barla
Advantages

e Relative low weight - cement based porous material

e First peak can be modified by an insertion of styrofoam sheets

Disadvantages
¢ No significant increase of the resistance after reaching the first peak

e No adaption of the resistance during the deformation of the rock mass possible

2.3 System — WABE

The system WABE has been developed and is being distributed by Bochumer Eisenhitte
Heintzmann GmbH & Co.KG. This element consists of a group of steel tubes, which are
loaded perpendicular to their axis. By insertion of additional steel tubes, the bearing capacity
can be increased during the deformation of the rock mass (Figure 6) [9].

2000

1750

mit Einschiben / with inserts
L1

[ — 1

7T T T 1

ohne Einschibe / without inserts
250 {
0

o 20 40 60 80 100 120 140 160 180 200
Verkirzung / shortening  [mm]

Last [ load [kN]

-~
o
=3

Figure 6: WABE — Bochumer Eisenhutte [11]  Figure 7: Force-Shortening behaviour - WABE [11]
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Advantages
e During the deformation of the rock mass this system is adaptable - insertion of

additional pipes lead to a higher resistance
o Different force-shortening behaviours due to variable dimensions (diameter,

wall thickness) and steel quality applicable

Disadvantages

o First peak is dependent on steel properties and therefore it cannot be easily
eliminated

e Relative high weight due to the high amount of steel - difficult installation

2.4 System - LSC

The system LSC has been developed by Moritz [3] and is being distributed by
DSI Underground Austria GmbH. This element consists of a group of steel tubes, which are
loaded axially (Figure 8). The force-shortening curve can be adapted by increase/lower the

number of pipes per element and by changing the pipe dimensions (length, wall thickness
and diameter) [11].

2750

2500

2250 A VA ~ N

2000

1750

1500 / v//
1250

1000 A /J
750 A /
500 N

£ proms
250 114

Last/Load [kN]

0

0 20 40 60 80 100 120 140 160 180 200

Verkiirzung/ Shortening [mm]

Figure 8: LSC — DSI Underground [9] Figure 9: Force-Shortening behaviour — LSC [11]

Advantages
e First peak can be relocated by installing shorter pipes (Figure 8)
e Different force-shortening behaviours due to variable dimensions (diameter,

wall thickness) and steel quality applicable

Disadvantages

¢ Asymmetric buckling can lead to higher oscillation of the force-shortening behaviour
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3 Yielding Element LSC-N

The yielding element called Lining Stress Controller (LSC) is produced and distributed by
DSI Underground (as mentioned in chapter 2.4). Due to the loading in axial orientation it
shows a relative high initial stiffness in combination with an oscillating force-shortening
behaviour.

In different previous master’s theses by Sitzwohl [4] in 2011, by Verient [5] in 2014 and
bachelor projects by Brunnegger [6] in 2016 the LSC has been refined to achieve a higher
shotcrete utilization, to reduce weight, to decrease the initial stiffness, to gain a smooth
force-shortening behaviour and the modifications should also lead to reduced production
costs.

In this master’s thesis the system of the LSC has been optimized. The new elements are
called LSC-N, which are distributed already by DSI Underground Austria GmbH.

3.1 Composition

The elements consist of steel pipes with a certain material behaviour and a porous filling
material (hybrid element), a porous concrete inlay and two end plates (See Figure 10).

The porous concrete inlay reduces the initial stiffness and in combination with steel pipes
filled with a porous filling material, the system allows a smooth force-shortening behaviour.

According to this “simple system” the production costs and the weight can kept low.

:porous concrete
i /»inner pipe

outer pipe

Figure 10: Scheme of LSC-N (left), LSC-N before compression (right)



Yielding Element LSC-N 6

3.2 Mixture of the Porous Filling Material

To obtain different porous cement based filling materials with different densities and
material parameters, different mixtures have been used (see Table 2). The used materials
are shown in Table 1.

Table 1; Used materials

Botament CEM 1I/B-M (S-L)
Botacem M51 325N

Sand 0-2mm Liapor 1-4mm

Based on knowledge from previous lab tests [6] the mass percentages of the materials with

respect to the final density of the filling material can be determined (see Figure 11).

Mass percentage [%]

Mass percentage of used materials

=¢—Cement == Liapor 1-4 mm
=fe=Sand 0-2 mm == \Nater
50%

45%

40% \L

y|=/0]254054% - 0/021705
35% \
30% T LT |

y|=|0.232305x -|0.019788

25%
20%

15% T

y = -0.020393x [+ 0.197362
10% y = -0.465967x + 0,844131

5%

O% T T T T T T T 1
0.80 0.90 1.00 1.10 1.20 1.30 1.40 1.50 1.60
Density of the porous filling material [g/cm3]

Figure 11: Density influence of the mass percentage of the used materials
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Due to the higher water absorption behaviour of Liapor the water/cement ratio is defined in
Eq. 1. This refers to the basics of the master’s thesis of Sitzwohl [4], but instead of the

volume-proportion, the mass-proportion is used.

m— proportlonLiaporl—zlmm

W/C =04 +0,2432 m — proportioncement Eq. 1
Table 2: Mass percentage of used materials
) Botament CEM II/B-M | Liapor | Sand W/C-
Mixture Water

Botacem M51 | (S-L)32.5N | 1-4mm | 0-2mm ratio

D1,5 - 32.87% 14.52% | 35.94% | 16.68% 0.51
D1,55 - 34.03% 12.19% | 37.21% | 16.58% 0.49
D1,6 - 35.19% 9.86% | 38.48% | 16.47% 0.47
D1,37 - 29.85% 20.58% | 32.63% | 16.94% 0.57
Botament1,37 59.05% - 26.90% - 14.06% 0.51
Botament1,55 62.91% - 17.35% - 11.98% 0.47

3.3 Porous Concrete Inlay

A porous concrete inlay is used to reduce the initial stiffness. Thickness variations lead to different
force-shortening behaviours at the initial state (see Figure 12). The material used is produced and
distributed by Xella International S.A. with the product name YTONG. It has a density of 0.6 g/cms,
a compressive strength of 5 MPa and an E-Modulus of 2500 MPa.

Force-Shortening behaviour

2000
1800 .
; p 6cm| inlay
1600 ELy A" 2cm inlay | 4cm inlay
£ 1400 ¢ ~

200 - —

0 T T T T T 1
0% 2% 4% 6% 8% 10%  12%
Shortening [%]

Figure 12: 4cm porous inlay (left), Influence of the porous inlay (right)
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3.4 Compensation Layer

Due to the shrinkage of the porous filing material during the hydration process, a

compensation layer of gypsum needs to be installed to provide full contact (see Figure 13).

Figure 13: Filling material shrinkage (left) [6], Compensation layer (right) [6]

Otherwise the inner pipe penetrates into the porous concrete inlay (see Figure 14) and
cannot properly be activated in the initial state (see Figure 15).

before
gap/air

Figure 14: Penetrate into the porous concrete inlay [6]

Force-Shortening behaviour

1000
900 y //
800 /
700 /
600 /
500 /
400 /
300 _ _
200 ”_~T4a¢m inlay without
100 LLe=Z==—""1 | [compensation layer
j ! L T 1
0% 2% 4% 6% 8%
Shortening [%]

Axial force [KN/m]

Figure 15: Influence of the compensation layer [6]
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3.5 Manufacturing

The manufacturing steps are shown and described from Figure 16 to Figure 23.

Figure 17: Weld pipe with end plate

Figure 19: Mix materials

Figure 20: Fill the inner pipe with the porous Figure 21: Add the compensation layer

filling material and compact it in layers (gypsum) [6]

Figure 22: Shape the porous inlay Figure 23: Insert inlay and install lid
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4 Installation of the Yielding Element

The following pictures (Figure 24 - Figure 32) have been kindly provided by Prall (Amberg
Engineering), showing the installation steps of the yielding elements on the construction site
Semmering Base Tunnel 1.1.

Steel bars are used for fixing the elements between the lattice girders in position before
shotcreting (see red square in Figure 24).

- '!!,
N T T O T 1 D L

Figure 24: Mounting the steel bar (red) with positioned yielding element

picture from Moritz

The yielding element can then be fixed with hooks, welded to the upper end plate

(see Figure 25 and Figure 26) on the previously installed steel bar.

Figure 25: Installation hooks Figure 26: Mounting the yielding element

Afterwards it is positioned and the reinforcement on the end plates are connected with the

first layer of wire mesh (see Figure 27 and Figure 28).
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i oy
US4
ik
M T

Figure 27: Positioning Figure 28: Connection with the first layer of

wire mesh

The yielding elements are protected with a formwork panel, to prevent shotcreting of the
open space between the steel tubes (see Figure 29). Then the first layer of shotcrete (actual
round) and the second layer of shotcrete (last round) can be applied in one procedure (see
Figure 30).

Figure 29: Protection against shotcrete

After shotcreting the first layer, the second layer of wire mesh needs to be connected with
the reinforcement of the yielding element (see Figure 31). The framework panel can be

removed as soon as shotcreting in the vicinity of the yielding element is finished.

Figure 31: Connection with the second layer of wire mesh
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Figure 32: Gostritz Cavern October 2017

Figure 32 is showing the installed yielding elements at the Semmering Base Tunnel.
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5 Controlling Initial Stiffness

A general problem of most yielding elements is a relatively high stiffness in the initial loading
stage. Different inlays have been tested to control the initial stiffness. The lab tests with
different inlay height show after reaching the first peak quite a similar behaviour (see
Figure 33), which can be mathematically described. If the force-shortening curve is divided
into three parts it is possible to describe it mathematically. These three parts are shown in
Figure 34.

Part | describes the first increase until the matrix of the porous inlay is destroyed, Part I
shows the influence of the inlay height and Part 11l describes the force-shortening behaviour

until the yielding element fails.

Force-Shortening behaviour

—3x4_D1,55_2cm_Y e 3x2_D1,55_4cm_Y
9000
8000
— 7000
E
> 6000
=
o 5000
o
S 4000
© 3000
x
< 2000
1000
0 T T T T T T 1
0% 10% 20% 30% 40% 50% 60% 70%
Shortening [%]
Figure 33: Similar behaviour of the force-shortening behaviour
Force-Shortening behaviour
——3x4_D1,55_2cm_Y——>3x2_D1,55_4cm_Y ——3x3_D1,55_6cm_Y ——3x2_D1,55
3000
—— —
2500 AT T~
~ N
I V4 —
E 2000 { —
= I— —
= S i’
8 1500 =
5§ A ™ g
= 100
< MAA L) \
50 / \
I / /
A If
] 4

b WO% 15% 20% 25% 30%

Shortening [%]

Figure 34: Separation into three parts
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5.1 Part | — Inlay Influence

By analysing Part | with the assumption that the pipe with the porous filling material is not
activated at all, a linear behaviour of the porous concrete inlay can be noticed (see Eg. 2).
The boundary criterion has been set to 0.3% shortening.

F(e) = 11000 * nyp * € €<0.003 Eq. 2
F(E) i, force depending on shortening [kN]
e shortening [-]
NYE toeeeeeeeeeennnn number of the Yielding Elements [-]

5.2 Part Il — Inlay Height Influence

By analysing Part Il with the assumption that the pipe with the porous filling material is not
activated at all, an exponential behaviour of the porous concrete inlay can be noticed (see
Eq. 3).

F(S) =80 * eA*S 0003 < < Epeak Eq 3
F(E) uummrrrnnnnnns force depending on shortening [kN]
e, shortening [-]
A inlay factor [-]

5.2.1 Inlay Factor

The exponent A is called the inlay factor and it is dependent on the inlay height, which can
be seen in Eq. 4 and Figure 35.

Table 3: Inlay Factor

100
A Hlnlay = 80
[] [cm] < .
85 2 g
52 4 S 40
38 6 > y = 141.57x0.73
LCG 20 R2 = 0.9995
0
0 2 4 6 8

Inlay Height [cm]

Figure 35: Inlay Factor
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A = 141.6 * HillD care Eq. 4
A, inlay factor [-]
Hinlay «evveeeevenenns calculated inlay height [cm]

5.2.2 Inlay Compaction Behaviour

For Part Il a statistical analysis of the values from the first peak needs to be done to
determine a boundary criterion (see Table 4). Therefore, the lab tests from Brunnegger [6]

with similar first peak values can be considered as well.

Table 4: First Peak Data

First Peak . First Peak - mean value Height -
- Height - Lab Test
Shortening | Force Shortening Force mean value
[%] [kN] [mm] [%] [kN] [mm] [-]
4.00% 1500 410 4 D1,55 2cm_Y
iznf;;/ 4.00% 1600 400 4.00% 1600.00 403.33 M2_3_Y_5,0
4.00% 1700 400 M4 2 Y 50
3cm| 5.20% 1600 | 410 5.00% 1750.00 410.00 M2 Y50
inlay | 4.80% 1900 410 M3 2 Y 5,0
6.00% 1750 420 4 D1,6_Y 50
5.50% 1300 420 1 D155 Y 5,0
6.00% 1500 410 1_D1,55 4cm_Y
f’nfe'[; 6.00% 1450 410 6.17% 1585.71 417.14 2_D1,55_4cm_Y
6.60% 1600 420 M2_6_Y_5,0
7.00% 1700 420 M4_3 Y 5,0
6.10% 1800 420 M3 3_Y 5,0
?nf;)]/ 9.00% 1500 410 9.00% 1500.00 410.00 3 _D1,55_6cm_Y
10.00% 1400 410 D 1,55 7cm_Y_
7cm 11.00% 1200 410 Botament_7cm_Y_
. 9.75% 1200.00 410.00
inlay 9.00% 1100 410 Botoment1,37_7cm_Y
9.00% 1100 410 D1,37_7cm_Y
Table 5: Mean Values - First Peak . 504
©
(O]
Inlay First Peak Inlay *o 04 y= 3.53483%’-7514
Height Shortening Efficiency L% __ 304 R+ 0.9937
[mm] [mm] [%] clng 204
20 16.13 80.67% £
30 20.50 68.33% G 104
40 25.74 64.36% S g4
60 36.90 61.50% » 0 20 40 60 80
70 39.98 57.11% Inlay Height [mm]

Figure 36: Inlay compaction behaviour

For the further calculation, the mean values are used. With this information, the inlay

compaction behaviour can be described (Eq. 5).
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Ihtay.cal
Epear = 1.65 * Lfcac Eqg. 5
re
A, inlay factor [-]
Hinlay,calc «eeeeveees calculated inlay height [cm]
[ P2 reference height of the Yielding Element [mm]

5.2.1 Curve Fitting

The exponents of Eq. 4 and Eq. 5 are quite similar, therefore it has been set to a constant
called nniay. If those functions are implemented for Part Il, it doesn’t show a good fitting if it's
compared with the force-shortening behaviour of the lab tests. Therefore, they need to be

adjusted to deliver a suitable result (see Eq. 6 and Eq. 7). SO ninay has been set to 0.77.

Ninlay ln(epeak*Href*Tlss)
Epeak = 1.55 % % Hlnlay,calc =e Mnlay Eq' 6
ref
A =135 H e Eq. 7
EPEaK «rrrrrrrrnnnnns shortening at the First Peak [-]
A inlay factor [-]
Hinlay,calc «eeeeeesn- calculated inlay height [cm]
[ P reference height of the Yielding Element [mm] Hief = 410 mm
NINlaY «eeeeeeeennnnns inlay efficiency factor [-] niniay=0.77

A reference correction factor 3, dependent on the height of the yielding element (see Eq. 8)
is introduced for the shortening epeak=36 mm, to finally calculate a proper height for the inlay.

HInlay,target

B = Eq. 8
Hlnlay,calc
[ inlay height correction factor [-]
Hinlay,calc ««vvveeeee calculated inlay height [mm]
Hinlay,target ««vvvv-- target inlay height [mm]
Table 6: Height influence 1.60
1.40 y = 0.0031x - 0.2275
1.20 R? = 0.9985
Hye EPeak Hlnlay,calc Hlnlay,target B —_— 1.00
— 0.80
[mm] | [mm] | [mm] [mm] (S 0.60
200.00 | 36.00 | 150.96 61.36 0.41 0.40
300.00 | 36.00 | 89.16 | 61.36 | 0.69 8-58
400.00 | 36.00 | 61.36 61.36 1.00 0 200 400 600
500.00 | 36.00 | 45.93 61.36 1.34 Height of the Yielding Element [mm]

Figure 37: Height influence
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With this information the target inlay height can be described with Eq. 9 and Eq. 10.

HInlay,target = Hlnlay,calc * B(HYE) Eq- 9
with:

B(HvE) «eevvrnnnnn. inlay height correction factor [-]
Hinlay,calc «vvvvveees calculated inlay height [mm]
Hinlay,target «+vvveee target inlay height [mm]

[ IV height of the Yielding Element [mm]

With this information, the force-shortening behaviour for Part Il can be described with

Eqg. 11.

F(e) = 26.5 * nyg x e4*€ 0.003 < € < €peqk
F(E) i force depending on shortening [kN]
e shortening [-]

EPEaK «rrrrrrrrnnnnns shortening at the First Peak [-]
A inlay factor [-]
NYE cooeeeeeeeiinnnn, number of the Yielding Elements [-]

5.3 Part lll - Steel and Filling Influence

Eqg. 11

In this part of the force-shortening behaviour plastic deformation of the yielding element is

occurring. Therefore, no meaningful analytical approach can be achieved. The best fitting

of the force-shortening behaviour is shown by Eq. 12.

F(e) = nyg * [200 xp(e7x43) 4 250] Epear < € < failure
F(E) umimmrrnnnnnnns force depending on shortening [kN]
e shortening [-]

EPEaK «errrrrrrnnnnns shortening at the First Peak [-]
NYE «oeeeeeeeeennnnn. number of the Yielding Elements [-]

5.4 Comparison with Lab Tests

Eq. 12

The mathematical description is based on varying the inlay height. All other parameters

used for the calculation are kept constant.

Dye=133 MM...cooiiiiiiiiiiiee, diameter of the inner pipe [mm]

Oniay=5 MPa...........ceeeeeeeeen. compressive Strength of the inlay [MPa]
Einlay=2500 MPa.......ccccccee. E-Modulus of the inlay [MPa]

S 11] 0 | P wall thickness of the inner pipe [mm]
D155 . porous filling material [-]

S235+N i steel type of the inner pipe [-]

The calculated force-shortening curve (red line) shows a good agreement with the lab test

results (blue line) (see Figure 38, Figure 39 and Figure 40).
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Force-Shortening behaviour
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Figure 38: Comparison with 2 cm inlay height
Force-Shortening behaviour
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Figure 39: Comparison with 4 cm inlay height
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Figure 40: Comparison with 6 cm inlay height
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6 Shotcrete Lining Utilization

In weak zones, the shotcrete lining cannot resist large displacements, which leads to cracks
in the lining and the requirement of expensive repair works. Yielding elements are installed
in the lining to avoid the shotcrete from failing, but those elements must fulfil certain
requirements. The force-shortening behaviour must be capable with the project based

parameters to obtain a shotcrete utilization of p<100%.

6.1 Time-dependent Compressive Strength

The major share of the deformations occurs directly behind the face, which means the
“young” shotcrete must cope with those deformations. The time-dependent behaviour of
standard concrete is defined in Eurocode 2 [12]. Entfellner [13] adapted the parameters s
and a1 to describe the behaviour of shotcrete. Nevertheless, this adaption is not valid for

the very early stage within the first hours (see Figure 43).

fem(€) = Bec(t) * fom Eg. 13
with:
28 al
ety =l 1(2) Eq. 14
fem(t) cooveeereens mean shotcrete compressive strength at t days [MPa] [12]
fom veverreieeiiinns mean cylinder compressive strength at 28 days [MPa]
Bec(t) «ovvvvrrnnnnn. coefficient, depending on the shotcrete age [-] [13]
S it cement hardening coefficient [-] [13]
| ST age of the shotcrete [d]
Lo | exponent of the shotcrete strength [-] [13]
(0.5 for standard concrete, adapt for shotcrete)
__60
©
o
= 50
ey
D 40
- fen = 45 MPa
& 30
2
220
o
5 10
£
3 o
0 5 10 15 20 25 30
Time [d]

Figure 41: Time-dependant Compressive Strength acc. to [12]
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6.1.1 Early Strength Development

The early strength development for the first 24 hours is defined in three classes according

to the Austrian Society for Construction Technology: Guideline Sprayed Concrete [14].

e Class J1 sprayed concrete is appropriate for application in thin layers on a dry
surface. No structural requirements are to be expected in this type of sprayed
concrete during the first hours after application.

e Class J2 sprayed concrete is used in applications where thicker layers have to be
achieved within short time. This type of sprayed concrete can be applied over head
and is suitable even in difficult circumstances, e.g. in case of slight water inflow and
immediate subsequent work steps like drilling and blasting.

e Class J3 sprayed concrete is used in case of highly fragile rock or strong water
inflow. Due it's rapid setting, more rebound occurs during the application and

therefore, class J3 sprayed concrete is only used in special cases.

100

20
~
E =
E 5 C
[~
Z- J} // /
L 2 — —F -
£ 1 ,/// — -B -
o5 Jp T L p =
‘E ___,__.—-—-___.————J/ L1
© 0.2 I
2 0.1 —
1
g
€
S 6 0 30 2 3 6 9 12 24

minutes | hours

Figure 42: Early Strength Development acc. to [14]

The limit curves A, B, and C define the classes J1, J2 and J3. The usual classes applied in
tunnelling are J2 and J3. The calculated strength development using Eurocode 2 [12]
(Eq. 13) and Entfellner [13] (Eg. 14) cannot describe the proper compressive strength
development in the very early stage (see Figure 43, fem(t).

3
=
2@ 25
(O]

5 A
h_ 2 .
[0 —

g - 1.5
2 C
=
o fem(t)
£ 05
[@]
O 0
0 1 2 3

Time [h]

Figure 43: Early Strength Development acc. to Eq. 13 & Eq. 14
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Test results on very young shotcrete samples, provided by BASF SE, have been used to
describe the very early strength development fem(t < 3 h) with Eq. 15 & Eqg. 16. This
approximation of the very early strength development is valid for one certain mixture of the
shotcrete. The fitting parameters used in Eq. 15 & Eq. 16 will probably differ if the shotcrete

components are varied.

fom (£) = f;’g % [0.12 * In(t) + 1.15] t<04h Eq. 15
fem (@) = f:; * [0.59 * e10%] 04h< t < 3h Eq. 16

fem(t) corrreeninns mean shotcrete compressive strength at t days [MPa]
fom coveriiieiiin, mean cylinder compressive strength at 28 days [MPa]
| S age of the shotcrete [d]

_ 3

©

o

S 25

ey

D 2

S A

B 15 —B

S

= C

g / fom(y)

805

£

(@)

O o0

0 1 2 3

Time [h]

Figure 44: Adapted Early Strength Development acc. to Eq. 15 & Eq. 16

6.2 Time-dependent Stiffness

The time-dependant stiffness development is defined as the Elastic-Modulus in Eg. 17 from
Entfellner [13].

a2
Ecm(t) _ (fc;-n(t)) * Ecm Eq_ 17
cm

Ecm(t) ovveeennnnn. mean shotcrete E-modulus at t days [MPa] [13]

Ecm.ooeereeeennnnnn. mean shotcrete E-modulus at 28 days [MPa]

fem(t)ooeeeeeennens mean shotcrete compressive strength at t days [MPa]

{15 TP mean cylinder compressive strength at 28 days [MPa]

Lo 12 exponent of the shotcrete E-modulus [-] [13]

(0.3 for standard concrete; adapt for shotcrete)
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25000
20000
15000

10000 Ecm =20 GPa

E-Modulus [MPa]

5000

0 10 20
Time [d]

Figure 45: Time-dependant E-Modulus acc. to [13]

6.3 Rheological Behaviour of Shotcrete

In addition to the time dependent behaviour of the shotcrete, the rheological behaviour on
the basics of the flow-rate-method (P. Schubert [15] and W. Aldrian [16]) should be
considered as well. The stresses with a predefined strain behaviour [15] are calculated with

Eq. 18.

0, =

o
82—81+m+8d,2*[1—e< Q )]—Assh—Aet

—AC(t)

Eqg. 18

1 )

m+ﬂ€(t)+€d,m*[1—e ]
Oiveveerrrieeeeeenns total stress in the lining at the end of timespan At; [MPa]
€iveeeeereeeenrninn total strain in the lining at the end of timespan At [-]
Ecm(t) vvvvvvvnnnns age-dependent E-modulus of shotcrete [MPa]
AC(t).....ccc. age-dependent change of viscous strain
€l veeerrrrnnrnnnnnns visco-elastic strain at the end of timespan Ati [-]
JAN R change of shrinkage strain [-]
JAN PR change of temperature strain [-]
O limit value of reversible creep deformation
Q e creep-constant

All parameters in Eq. 18 are calculated with Eq. 19 to Eq. 23 and the used flow-rate-method

parameters are provided from a current project (Semmering Base Tunnel, OBB), shown in

Table 7.

Table 7: Used Flow-Rate-Method Parameters

Flow-Rate-Method Parameters
A= 0.0000024 []
B= 10 []
Q= 0.0000221 []
Cd,o0 = 0.000214 []
€sh,o0 = 0.000974 [-]
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Stresses are back calculated using ultimate strains at shotcrete lining failure (provided from
Semmering Base Tunnel) with Eq. 18. These stresses are used for the flow-rate-method

calculation (Eq. 19 - Eq. 23).

0 — 01
& =& + + 0, * AC(t) + Aegp, + Ay Eq. 19
®)
Eiveeeeeeeeennnnnnns total strain in the lining at time t; [-]
Oi vevverrrnieeeeeans total stress in the lining at time t; [MPa]
ST T age-dependent E-modulus of shotcrete [MPa]
AC(t)...cceeeee. age-dependent change of viscous strain
JAN R change of shrinkage strain [-]
JAN X change in temperature strain [-] [16]

C(t) = Ax (t, — t;)%5 Eqg. 20
({1} I time-dependent trend of irreversible viscous strain [16]
A, flow-parameter [-]
| YO age of the shotcrete [h]

T age of the shotcrete at the beginning of the loading [h]
(load starts with excavation of next round)
t

Esn = Eshoo * g, Eqg. 21

ESh wevvnrnnnnnnnnnnns shrinkage strain [-] [15]
Ehenvenrrnnnnnnnnnns limit value of shrinkage strain [-]
| S shrinkage-constant

| ST age of shotcrete in days [d]
0.001
— 0.0008
= 0.0006
£ 0.0004
? 0.0002
0
0 10 20
Time [d]

Figure 46: Shrinkage Strain

g = (—cos(t®25 % 113) + 1)« 30 x 107° Eq. 22
Elereeeerreennrnnnnnns temperature strain [-] [16]
| S age of shotcrete in hours [h]

e temperature strain & just appears in the first four days after applying the
shotcrete

e —cos(t%% x 113) must be inserted in [rad]
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St
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Figure 47: Temperature Strain

—AC(t)
5d,1) * [1 —e @ ] +&41

........ visco-elastic strain at the end of timespan At; [-] [15]
........ total stress in the lining at end of timespan At; [MPa]
........ limit value of reversible creep deformation

........ age-dependent change of viscous strain

........ creep-constant

0.0025

0.002
0.0015
| 0.001
0.0005

0
0 10 20

Time [d]

Strain [-]

Figure 48: Visco-Elastic Strain

Eq. 23

For the determination of the function parameters a quotaion from Entfellner [13] is used:

“The last long-term tests on shotcrete in Austria have been performed at the beginning of

the 1990’s, about 25 years ago. Ever since the constituents, mix composition and

production of the shotcrete significantly changed. Hence, an adjustment of the flow-rate

parameters (A, B, Q, Cu~, &) iS Nnecessary. For the thesis, this was done for a shotcrete

SpC 25/30 J2, based on a detailed displacement monitoring and visual observation of the

support at a specific monitoring section at the Semmering Base Tunnel. Since the moment

when first cracks in the lining occurred (= u = 100 % utilization) and strains at that time are

known, these parameters could be roughly back-calculated. For an accurate determination,

further laboratory tests are necessary.”[13]
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6.4 Deformation of the Rock Mass

To predict the radial deformation of the surrounding rock mass according the project based
data, the Convergence-Law of Sulem et al. [17] need to be applied (see Eq. 24). The

eqguation consists out of a time-dependent and a time-independent part [17].

X 2 T 0,3
C(x,t):lex*[1—(x+—X) ]*{1+m*[1—(T—+t> ]} Eq. 24
(10761 ) I face- & time-dependent radial displacement [mm]
Cxoeerrrrrnnrnnnnnn, ultimate time-independent radial displacement [mm]
(# final displacement!)
X, curve-fitting parameter [m]

(describes the influence length of time-independent
displacements)

10 ratio of ultimate time-dependent displacements and
time-independent displacements [-]

T, curve-fitting parameter [d]
(describes how fast time-dependent displacements develop)

) QTR distance between monitoring section and current excavation
face [m] (function of advance rate)

| PR elapsed time since excavation of the round where the

monitoring section is located [d]

0
------------------------- Convergence Law, Sulem et al 1987
50 X= 12,000 []
Cye = -160| [mm]
— m= 030 [
E T= 1,00l [
— -100
= C (x,1)
(D)
£ ==w=eC(X)
e Sl e i ok T T P e P
= ~==-C(
(7]
-200
-250
0 5 10 15 20 25 30

Time [d]

Figure 49:Convergence Law

For the further calculation of the shotcrete utilization, it is necessary to calculate the

tangential deformation of the rock mass, which has been done with Eq. 25.

Utgn(®) = C(x,t) * 2 x Eq. 25

Utan(t) - vvvvvvvennns face- & time-dependent tangential displacement [mm]
C(X,t) v face- & time-dependent radial displacement [mm]
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6.5 Shortening per Gap

For the calculation of the shortening per gap, a simple approach of a full-face excavation
with a circular tunnel shape has been considered. Therefore, the circumference of the

shotcrete is calculated with Eq. 26.

lSpC =Dx*xm— hGap * nGap Eq 26
Do tunnel diameter [m]
ISpC +vvvvvvvennnnnnns circumference of the shotcrete lining [m]
NGap «vvveeeeeennnnns height of the gap [m]
NGap +vvvrrrrrrnnnnns number of gaps [-]

Figure 50: Circumference of the shotcrete lining

The radial strain of the shotcrete according to it's rheological behaviour can be calculated
with Eq. 27.

espc(£) = &(t) * lspc Eq. 27
espc(t) coveernnnn. time dependent radial deformation of the shotcrete [m]
() I time dependent radial strain of the shotcrete [-]
[SpC - oeeeeeeeeennnnn. circumference of the shotcrete lining [m]

To compute the shortening of the gap, Eq. 28 must be applied.

Utan (£) — espc(t)

Ugap (L) = e Eqg. 28
ap
Ugap(t)..eeeeennnnn. time dependent shortening of the gap [m]
Utan(£) +vvvvvvvvnnnns face- & time-dependent tangential displacement [m]
espc(t) ooveennn. time dependent radial strain of the shotcrete [m]

NGap - eeeeeeeennnnns number of gaps [-]
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6.6 Utilization

By applying a yielding element with its special force-shortening behaviour, the force

depending on its according shortening of the gap can be calculated with Eq. 29.

Fyg(t) = f(uGap) Eq. 29
Fye(t).ooovnnnnnns time dependent force of the yielding element [MN]
Ucap(t).eevvvvenenns time dependent shortening of the gap [m]

The tolerable force is calculated with Eq. 30.

a(t) * (dSpC * bGap)

Froi(t) = ” Eq. 30
Frot(t) covevvvennnnns time dependent tolerable force [MN]
(o] () FET time dependent shotcrete strength acc.to Eqg. 13 - Eq. 16 [MPa]
dspCeeeeeeeeeenennn thickness of the shotcrete lining [m]
DGap -vveeeveenennnns wideness of the gap [m]
VCorrrnaaieeaaneannns factor of safety for shotcrete [-]

Finally, the shotcrete utilization is calculated with Eg. 31 and is visualized in Figure 51 for
one certain case.

Fyg ()
u(t) = Eq. 31
Ftol(t)
(V109 PRPPRRR time dependent shotcrete utilization [-]
Fve(t)..nnnnnnn. time dependent force of the yielding element [MN]
Frol(t) covvvvvennnnns time dependent tolerable force [MN]
100%
90% 11
__ 80%
S 70% -
c 60%
S \
= 50%
g 40% —x—&_
g 30% T
20%
10%
0%
0 5 10 15 20 25 30
Time [d]

Figure 51: Shotcrete Utilization
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6.7 Case Study — SBT 1.1 - Gloggnitz

With the project based data it is possible to calculate the shotcrete lining utilization. For this
example, the data from the Semmering Base Tunnel (SBT) of the construction lot
SBT 1.1 Gloggnitz was used. These data sets (see Table 8), which have been kindly
provided by the Austrian Federal Railways (OBB), should describe the deformation

behaviour for a certain rock mass.

Table 8: Input Parameter

Tunnel Advance

r 5 [m] Tunnel Radius

a 4| [m/d] |Advance Rate

In 1.2 [m] Round Length

bLe 0.2 [m] Latice Girder Width

bgap 1 [m] Gap Width

tn 5 [h] Time per Round

tsps 3 [h] Time between applying SpC and next Excavation
Xend 300 [m] Max Face Distance for calculation progress
Shotcrete - SpC

d 25 [cm] SpC Thickness

B2s 40| [MPa] | SpC Strength - 28 days

s 1.15 [] Cement Hardening Coefficient

a1 (fem) = 0.240 [] Exponent of SpC Strength

E2s = 20000.00 | [MPa] | E-Modulus - 28 days

a2 (Ecm) = 0.70 [] Exponent of SpC E-Modulus

yC = 1 [] Factor of Safety - SpC

Gap

NGap 2 [] Number of Gaps

hgap 40 [cm] Gap Height

Ispc 30.62 [m] Shotcrete Circumference

LSC-N Design

Epeak = 9% [%0] Target First Peak Shortening [%]

Hve= 400| [mm] | Yielding Element Height [mm]

Hinlay= 62.13| [mm] | Target Inlay Height [mm]

Nye = 3 [-] Number of Pipes/Element [-]
Convergence Law, Sulem et al 1987

X= 15.00 [] curve fitting parameter describing the shape of C1(x)
Cxe = -75| [mm] | maxtime independent settlement

m = 0.20 [] Constant ~Ct/Cx [0.2-0.8]

T= 1.20 [-] curve fitting parameter describing the shape of C2(t)
Flow-Rate-Method Parameters

A 0.0000024 [...] Creep Constant

B 10 [d] Shrinkage Constant

Q 0.0000221 | [1/MPa] | Reversible Creep Constant

Cd,00 0.000214 | [1/MPa] | Boundary Value of the Creep Constant
€sh,o0 0.000974 [-] Final Shrinkage
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6.7.1 Results

The input parameters lead to the following radial displacements according Sulem et al [17]
(see Figure 52).

C (x,t)
-==-Cc®

—==-C()

Settlement [mm]

-90

Figure 52: Radial Displacement acc. [17]

The result shows, that the used yielding elements fulfil the requirement that the shotcrete
lining will not fail under this circumstances (see Figure 53 and Figure 54).
12000 -

10000

8000 A ——
——Yielding Element

6000 1 ——100% - Utilization

4000

Force/Gap [kN/m]

2000

0

0% 20% 40% 60%

Shortening/Gap [%]
Figure 53: Force-Shortening behaviour of the yielding element (blue) and

tolerable Force-Shortening behaviour of the shotcrete lining (red)

100%
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.
}E \
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Figure 54: Shotcrete Lining Utilization
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7 Conclusion

The aim of this thesis was to find a suitable yielding element which fulfils the requirements
of a tender for a current construction lot. A newly developed yielding element (LSC-N)
consists of steel pipes with a certain material behaviour which are filled with a porous
material to provide a smooth force-shortening behaviour. An adjusted inlay provides an
appropriate stiffness in the initial state. In contrast to the former LSC, possible asymmetrical
buckling does not affect the overall force-shortening performance. The LSC-N yielding
elements require a relatively small amount of steel. This leads to a decrease in weight,
which simplifies the installation process on the construction site. The force-shortening
behaviour of this new yielding element can be adapted for the required boundary conditions.
Installed LSC-N elements at the Semmering Base Tunnel showed that these improvements

meet the requirements, and the elements are easily installed.

Furthermore, a mathematical description of the force-shortening behaviour of the yielding
element was developed to design the layout of the yielding elements, according to the
project requirements. All together 26 design relevant input parameters are used in the

calculation for dimensioning the ductile support.

Possible variables, like the pipe diameter, the wall thickness and the type of steel are not
taken into account yet. More test series would be required to show the influence of such

parameters.
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Laboratory Tests

The laboratory tests were carried out in the laboratory at the Institute of Rock Mechanics
and Tunnelling at Graz University of Technology.

To simulate the deformation in the shotcrete gap, the test procedure of a uniaxial
compressive test was executed with a displacement rate of 2mm/min. In Figure 55 a typical
test set-up is shown.

Figure 55: Test set-up [5]

According to the tender documents of the Semmering Base Tunnel two different force-

shortening boundaries called type | (red lines) and type Il (blue lines) are defined.

e houndary type | e houndary type I
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Figure 56: Tender of a current project
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Table 9: Summary of the lab tests

. Inner pipe, Outer pipe, )
Filling ) ] Height
Lab test name ) steel quality, | steel quality, Inlay
material ) ] ] ) [mm]
dimension dimension
34CrMo4 DD 11
Testl,9m_1,6 D1,6 380 -
133x2x370 140x2x50
34CrMo4 DD 11
Test2,0m_1,5 D1,5 380 -
133x2x370 140x2x50
E235+SR DD 11
2_D1,5 D1,5 380 -
133x2x370 140x2x50
E235+SR DD 11
4 D1,55 D1,55 380 -
133x2x370 140x2x50
34CrMo4 DD 11
6_D1,6 D1,6 380 -
133x2x370 140x2x50
S235+N DD 11
3_D16 D1,6 380 -
133x2.5x370 140x2x50
S235+N DD 11
2_D1,55 D1,55 380 -
133x2.5x370 140x2x50
E235+SR DD 11 4 cm porous inlay
5_D1,55_Y_5,0 D1,55 420
133x2x370 140x2x50 5 MPa
S235+N DD 11 4 cm porous inlay
4 D1,6_Y_5,0 D1,6 420
133x2.5x370 140x2x50 5 MPa
S235+N DD 11 4 cm porous inlay
1 D1,55_Y_5,0 D1,55 420
133x2.5x370 140x2x50 5 MPa
S235+N DD 11 4 cm porous inlay
1_D1,55_4cm_Y D1,55 410
133x2.5x360 140x2x50 5 MPa
S235+N DD 11 4 cm porous inlay
2_D1,55_4cm_Y D1,55 410
133x2.5x360 140x2x50 5 MPa
S235+N DD 11 2 cm porous inlay
4 D1,55 2cm_Y D1,55 410
133x2.5x380 140x2x50 5 MPa
S235+N DD 11 6 cm porous inlay
3_D1,55_6cm_Y D1,55 410
133x2.5x340 140x2x70 5 MPa
7 cm porous inlay
D 1,55 7cm_Y_ S235+N DD 11
D1,55 410 5 MPa
Bohrung 133x2.5x330 140x2x80
32 mm borehole
7 cm porous inlay
Botament_7cm_Y_ Botament S235+N DD 11
410 5 MPa
Bohrung57 1,55 133x2.5x330 140x2x80
57 mm borehole
Botament S235+N DD 11 7 cm porous inlay
Botoment1,37_7cm_Y 410
1,37 133x2.5x330 140x2x80 5 MPa
S235+N DD 11 7 cm porous inlay
D1,37_7cm_Y D1,37 410
133x2.5x330 140x2x80 5 MPa
) 34CrMo4 DD 11
Liapor4_8 WZ0,75 - 380 -
133x2.5x370 140x2x50
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Lab Test “Test1,9m_1,6"

The filling material has been estimated with a density of 1.6 kg/dm3. The boundaries refer

to the tender documents of the Semmering Base Tunnel (see Figure 56).

Table 10: Specifications “Test1,9m_1,6"

Fill Inner pipe, Outer pipe,
illin
9 Mass percentage steel quality, | steel quality, Inlay
material ] ) . .
dimension dimension
35.19% CEMII/B-M (S-L) 325N
D16 9.86% Liapor 1-4 mm 34CrMo4 DD 11 i
’ 38.48% Sand 0-2 mm 133x2x370 140x2x50
0.47 W/C-ratio
outer
/_pipe
=9
|—porous
filling
Figure 57: before/after “Test1,9m_1,6" Figure 58: Scheme “Test1,9m_1,6"
Type I: The force-shortening curve shows at the beginning a steep increase and

intersects the upper boundary at a shortening of ~0.4% and an axial force of ~800 kN. The
first peak appears at ~2% shortening and an axial force of ~2000 kN. At a shortening of
~10% and an axial force of ~2000 kN the force-shortening curve lies within the specified
range. From this point the force-shortening curve shows a quasi-constant behaviour until
an axial force of ~3200 kN and a shortening of ~39% is reached.

Type ll: The force-shortening curve shows at the beginning a steep increase and
intersects the upper boundary at a shortening of ~0.4% and an axial force of ~800 kN. The
first peak appears at ~2% shortening and an axial force of ~2000 kN. At a shortening of
~9% and an axial force of ~2000 kN the force-shortening curve lies within the specified
range until it intersects the lower boundary at an axial force of ~2200 kN and a shortening
of ~17%. From this point the force-shortening curve shows a quasi-constant behaviour until
an axial force of ~3200 kN and a shortening of ~39% is reached.
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Force-Shortening behaviour
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Figure 59: Force-Shortening behaviour “Test1,9_1,6” Type |
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Figure 60: Force-Shortening behaviour “Test1,9_1,6” Type Il

The steep increase at the beginning relates to the direct contact of the inner pipe with its
filling material and the endplate. The decrease of the force-shortening curve at ~39%
shortening relates to the increase of the inner pressure which leads to bursting of the inner

pipe.
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Lab Test “Test2,0m_1,5"

The filling material has been estimated with a density of 1.5 kg/dm3. The boundaries refer

to the tender documents of the Semmering Base Tunnel (see Figure 56).

Table 11: Specifications “Test2,0m_1,5"

- Inner pipe, Outer pipe,
Filling . .
) Mass percentage steel quality, | steel quality, Inlay
material . . . .
dimension dimension
32.87% CEMII/B-M (S-L) 32,5 N
D15 14.52% Liapor 1-4 mm 34CrMo4 DD 11 )
3594% Sand 0-2 mm 133x2x370 140x2x50
0.51 WI/C-ratio

115
|

Al —outer
' pipe

inner
pipe

=

370
380

‘}—porous
filling
Figure 61: before/after “Test2,0m_1,5" Figure 62: Scheme “Test2,0m_1,5"
Type I The force-shortening curve shows at the beginning a steep increase and

intersects the upper boundary at a shortening of ~0.4% and an axial force of ~800 kN. The
first peak appears at ~1.8% shortening and an axial force of ~2000 kN. Then the force-
shortening curve shows an oscillating behaviour along the upper boundary. At a shortening
of ~10% the force-shortening curve lies between the upper and lower boundary until ~32%
shortening with an axial force of ~ 3200 kN is reached:

Type ll: The force-shortening curve shows at the beginning a steep increase and
intersects the upper boundary at a shortening of ~0.4% and an axial force of ~800 kN. The
first peak appears at 1.8% shortening and an axial force of ~2000 kN. Then the force-
shortening curve shows an oscillating behaviour along the upper boundary. At a shortening
of ~18% the force-shortening curve lies between the upper and lower boundary until ~32%

shortening with an axial force of ~ 3200 kN is reached:
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Force-Shortening behaviour
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Figure 63: Force-Shortening behaviour “Test2,0_1,5" Type |
Force-Shortening behaviour
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Figure 64: Force-Shortening behaviour “Test2,0_1,5" Type Il

The steep increase at the beginning relates to the direct contact of the inner pipe with its
filling material and the endplate. The decrease of the force-shortening curve at ~32%

shortening relates to the increase of the inner pressure which leads to bursting of the inner

pipe.



Appendix 41

Lab Test “2_D1,5”

The filling material has been estimated with a density of 1.5 kg/dm3. The boundaries refer

to the tender documents of the Semmering Base Tunnel (see Figure 56).

Table 12: Specifications “2_D1,5”

- Inner pipe, Outer pipe,
Filling . .
) Mass percentage steel quality, | steel quality, Inlay
material . . . .
dimension dimension
32.87% CEMII/B-M (S-L) 32,5 N
D15 14.52% Liapor 1-4 mm E235+SR DD 11
’ 35.94% Sand 0-2 mm 133x2x370 140x2x50
0.51 WI/C-ratio

. — A—
: _‘: ; ‘j:" outer
{ { pipe

inner
pipe

370
380

| —porous
filling

Figure 65: before/after “2_D1,5” Figure 66: Scheme “2_D1,5”

Type I The force-shortening curve shows at the beginning a steep increase and
intersects the upper boundary at a shortening of ~0.4% and an axial force of ~800 kN. The
first peak appears at ~1.5% shortening and an axial force of ~1350 kN. After that the force-
shortening curve shows an oscillating behaviour until ~26% shortening, where it intersects
the lower boundary at a shortening of ~20%. From this point the force-shortening curve
shows a quasi-constant behaviour until an axial force of ~4500 kN and a shortening of ~52%
IS reached.

Type ll: The force-shortening curve shows at the beginning a steep increase and
intersects the upper boundary at a shortening of ~0.4% and an axial force of ~800 kN. The
first peak appears at ~1.5% shortening and an axial force of ~1350 kN. After that the force-
shortening curve shows an oscillating behaviour until ~26% shortening, where it intersects
the lower boundary at a shortening of ~8.5%. From this point the force-shortening curve

shows a quasi-constant behaviour and it intersects the lower boundary again, until an axial
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force of ~3200 kN and a shortening of ~39% is reached.

Force-Shortening behaviour
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Figure 67: Force-Shortening behaviour “2_D1,5” Type |
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Figure 68: Force-Shortening behaviour 2_D1,5 Type Il

The steep increase at the beginning relates to the direct contact of the inner pipe with its
filing material and the endplate. The decrease of the force-shortening curve at ~52%

shortening relates to the increase of the inner pressure which leads to bursting of the inner

pipe.
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Lab Test “4_D1,55”

The filling material has been estimated with a density of 1.55 kg/dm3. The boundaries refer

to the tender documents of the Semmering Base Tunnel (see Figure 56).

Table 13: Specifications “4_D1,55”

Fillin Inner pipe, Outer pipe,
.g Mass percentage steel quality, | steel quality, Inlay
material . . . .
dimension dimension
34.03% CEMII/B-M (S-L) 32,5 N
D155 12.19% Liapor 1-4 mm E235+SR DD 11 i
37.21% Sand 0-2 mm 133x2x370 140x2x50
0.49 W/C-ratio

15
il

outer
pipe

\I

/—inner

pipe

370
380

| —porous
filling

Figure 69: before/after “4_D1,55” Figure 70: Scheme “4_D1,55”

Type I: The force-shortening curve shows at the beginning a steep increase and
intersects the upper boundary at a shortening of ~0.8% and an axial force of ~800 kN. The
first peak appears at ~2% shortening and an axial force of ~1300 kN. After that the force-
shortening curve shows an oscillating behaviour until ~22% shortening, where it goes along
and intersects the lower boundary at a shortening of ~16%. From this point the force-
shortening curve shows a quasi-constant behaviour until an axial force of ~3750 kN and a
shortening of ~48% is reached.

Type Il The force-shortening curve shows at the beginning a steep increase and
intersects the upper boundary at a shortening of ~0.8% and an axial force of ~800 kN. The
first peak appears at ~2% shortening and an axial force of ~1300 kN. After that the force-
shortening curve shows an oscillating behaviour until ~22% shortening, where it intersects
the lower boundary at a shortening of ~8.5%. From this point the force-shortening curve

shows a quasi-constant behaviour and it intersects the lower boundary again, until an axial
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force of ~3750 kN and a shortening of ~48% is reached.
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Figure 71: Force-Shortening behaviour ,4_D1,55 Type |
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Figure 72: Force-Shortening behaviour “4_D1,55” Type |l
increase at the beginning relates to the direct contact of the inner pipe with its

filing material and the endplate. The decrease of the force-shortening curve at ~48%

shortening

pipe.

relates to the increase of the inner pressure which leads to bursting of the inner
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Lab Test “6_D1,6”

The filling material has been estimated with a density of 1.6 kg/dm3. The boundaries refer

to the tender documents of the Semmering Base Tunnel (see Figure 56).

Table 14: Specifications “6_D1,6”

Fillin Inner pipe, Outer pipe,
.g Mass percentage steel quality, | steel quality, Inlay
material . . . .
dimension dimension
35.19% CEM II/B-M (S-L) 32,5 N
D16 9.86% Liapor 1-4 mm 34CrMo4 DD 11 i
38.48% Sand 0-2 mm 133x2x370 140x2x50
0.47 W/C-ratio

outer
/_pipe
=z
| —porous
filling
Figure 73: before/after “6_D1,6” Figure 74: Scheme “6_D1,6”
Type I: The force-shortening curve shows at the beginning a steep increase and

intersects the upper boundary at a shortening of ~0.4% and an axial force of ~800 kN. The
first peak appears at ~1% shortening and an axial force of ~2100 kN. At a shortening of
~10% and an axial force of ~2000 kN the force-shortening curve lies within the specified
range. From this point the force-shortening curve shows a quasi-constant behaviour until
an axial force of ~3000 kN and a shortening of ~34% is reached.

Type ll: The force-shortening curve shows at the beginning a steep increase and
intersects the upper boundary at a shortening of ~0.4% and an axial force of ~800 kN. The
first peak appears at ~1% shortening and an axial force of ~2100 kN. At a shortening of
~10% and an axial force of ~2000 kN the force-shortening curve lies within the specified
range and it shows a quasi-constant behaviour. It intersects the lower boundary at ~18%

shortening and could be loaded until an axial force of ~3000 kN at a shortening of ~34% is
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reached.
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Figure 75: Force-Shortening behaviour “6_D1,6” Type |
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Figure 76: Force-Shortening behaviour “4_D1,6” Type I

The steep increase at the beginning relates to the direct contact of the inner pipe with its
filing material and the endplate. The decrease of the force-shortening curve at ~34%

shortening relates to the increase of the inner pressure which leads to bursting of the inner

pipe.
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Lab Test “3_D1,6”

The filling material has been estimated with a density of 1.6 kg/dms3. According to previous
lab tests it turned out that the steel cracks before the desired shortening, so a new steel
type has been used for this lab test. The boundaries refer to the tender documents of the

Semmering Base Tunnel (see Figure 56).

Table 15: Specifications “3_D1,6”

Fillin Inner pipe, Outer pipe,
.g Mass percentage steel quality, | steel quality, Inlay
material . . . .
dimension dimension
35.19% CEM II/B-M (S-L) 32,5N
9.86% Liapor 1-4 mm S235+N DD 11
D16 140x2x50 i
38.48% Sand 0-2 mm 133x2.5x370 XeX
0.47 W/C-ratio

o
]
| —porous
filling
Figure 77: before/after “3_D1,6” Figure 78: Scheme “3 D1,6”
Type I The force-shortening curve shows at the beginning a steep increase and

intersects the upper boundary at a shortening of ~0.3% and an axial force of ~800 kN. The
first peak appears at ~0.8% shortening and an axial force of ~1700 kN. At a shortening of
~5.5% and an axial force of ~1500 kN it lies within the specified range and it shows a
quasi-constant behaviour until it intersects the upper boundary at a shortening of ~58% and
an axial force of ~5900 kN again. It can be loaded until a shortening of ~64% and an axial
force of ~8100 kN is reached.

Type ll: The force-shortening curve shows at the beginning a steep increase and
intersects the upper boundary at a shortening of ~0.3% and an axial force of ~800 kN. The
first peak appears at ~0.8% shortening and an axial force of ~1700 kN. At a shortening of
~5% and an axial force of ~1500 kN the force-shortening curve lies within the specified

range and it shows a quasi-constant behaviour. It intersects the lower boundary at ~13.5%
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shortening and an axial force of ~1700 kN. The force-shortening curve reaches the specified
range again at a shortening of ~40% and an axial force of ~3200 kN. It intersects the upper
boundary again at a shortening of ~58% and an axial force of ~5900 kN and could be loaded

until an axial force of ~8100 kN at a shortening of ~34% is reached.

Force-Shortening behaviour

o= 3x3_D1,6 ==upper boundary lower boundary
7000 4
6000
= _
= 5000 = /
=3 y
5 4000
o /
S 3000 o /
I
< 2000 R
<
1000
0 |
0% 10% 20% 30% 40% 50% 60% 70%
Shortening [%]
Figure 79: Force-Shortening behaviour “3_D1,6” Type |
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Figure 80: Force-Shortening behaviour “3_D1,6” Type Il

The steep increase at the beginning relates to the direct contact of the inner pipe with its
filling material and the endplate. According to the high load and the high amount of
shortening, the used steel shows a very good behaviour.
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Lab Test “2_D1,55”

The filling material has been estimated with a density of 1.55 kg/dm3. To verify the behaviour
of the steel another lab test need to be done. The boundaries refer to the tender documents

of the Semmering Base Tunnel (see Figure 56).

Table 16: Specifications “2_D1,55”

.- Inner pipe, Outer pipe,
Filling . .
) Mass percentage steel quality, | steel quality, Inlay
material . . . .
dimension dimension
34.03% CEM II/B-M (S-L) 32,5N
D155 12.19% Liapor 1-4 mm S235+N DD 11 )
37.21% Sand 0-2 mm 133x2.5x370 140x2x50
0.49 WI/C-ratio

:1'. 7 /—outer

pipe

/inner

pipe

370
380

| —porous
filling

51

Figure 81: before/after “2_D1,55”

Figure 82: Scheme “2_D1,55”

Type I: The force-shortening curve shows at the beginning a steep increase and
intersects the upper boundary at a shortening of ~0.4% and an axial force of ~800 kN. The
first peak appears at ~0.7% shortening and an axial force of ~1400 kN. At a shortening of
~4.5% and an axial force of ~1400 kN it lies within the specified range and it shows a
quasi-constant behaviour until it intersects the upper boundary at a shortening of ~58% and
an axial force of ~5900 kN again. It can be loaded until a shortening of ~64% and an axial
force of ~8100 kN is reached.

Type ll: The force-shortening curve shows at the beginning a steep increase and
intersects the upper boundary at a shortening of ~0.4% and an axial force of ~800 kN. The
first peak appears at ~0.7% shortening and an axial force of ~1400 kN. At a shortening of
~4.5% and an axial force of ~1400 kN the force-shortening curve lies within the specified

range and it shows a quasi-constant behaviour. It intersects the lower boundary at ~12.5%
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shortening and an axial force of ~1550 kN. The force-shortening curve reaches the specified
range again at a shortening of ~42% and an axial force of ~3300 kN. It intersects the upper
boundary again at a shortening of ~58.5% and an axial force of ~5950 kN and could be

loaded until an axial force of ~8100 kN at a shortening of ~64% is reached.
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Figure 83: Force-Shortening behaviour “2_D1,55” Type |
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Figure 84: Force-Shortening behaviour “2_D1,55” Type Il

The steep increase at the beginning relates to the direct contact of the inner pipe with its
filing material and the endplate. According to the high load and the high amount of

shortening, the used steel shows a very good behaviour and it verifies Lab Test “3_D1,6”.
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Lab Test “5_D1,55_Y_5,0"

The filling material has been estimated with a density of 1.55 kg/dm3. To avoid a high initial
stiffness, a 4 cm porous inlay with a compressive strength of 5 MPa is used. A compensation
layer of gypsum needs to be installed to provide full contact. The boundaries refer to the

tender documents of the Semmering Base Tunnel (see Figure 56).

Table 17: Specifications “5_D1,55 Y 5,0”

Fillin Inner pipe, Outer pipe,
.g Mass percentage steel quality, | steel quality, Inlay
material . . . .
dimension dimension
34.03% CEM II/B-M (S-L) 32,5 N
4 cm

D155 12.19% Liapor 1-4 mm E235+SR DD 11 porous inlay

37.21% Sand 0-2 mm 133x2.5x370 140x2x50 5 MPa

0.49 W/C-ratio

] inner
_/plpe

|_—porous
filling

370
420

porous
|may_\\\

iy
Figure 85: before/after “5_D1,55_Y_5,0” Figure 86: Scheme “5_D1,55 Y 5,0”

Type I: The force-shortening curve shows at the beginning a smooth increase and it
stays in the specified range. The first peak appears at ~10.5% shortening and an axial force
of ~1800 kN. Then it shows an oscillating behaviour until a shortening of ~18%. From this
point, it shows a quasi-constant behaviour until an axial force of ~2900 kN and a shortening
of ~39% is reached.

Type ll: The force-shortening curve shows at the beginning a smooth increase but it
intersects the lower boundary from ~1 - ~4% shortening. The first peak appears at ~10.5%
shortening and an axial force of ~1800 kN. Then it shows an oscillating behaviour until a
shortening of ~18% where it intersects the lower boundary at ~11.5% shortening and an
axial force of 1400 kN again. From this point, it shows a quasi-constant behaviour until an
axial force of ~2900 kN and a shortening of ~39% is reached.
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Figure 87: Force-Shortening behaviour “5_D1,55_Y_5,0” Type |
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Figure 88: Force-Shortening behaviour “5_D1,55_Y_5,0” Type Il

The used porous inlay effectively controls the initial behaviour. Type | gets fully fulfilled but

to fulfil type 1l some changes at the system need to be done. The decrease of the force-

shortening curve at ~34% shortening relates to the increase of the inner pressure which

leads to bursting of the inner pipe.



Appendix 53

Lab Test “4 D1,6_Y_5,0”

The filling material has been estimated with a density of 1.6 kg/dm3. To avoid a high initial
stiffness, a 4 cm porous inlay with a compressive strength of 5 MPa is used. A compensation
layer of gypsum needs to be installed to provide full contact. The boundaries refer to the

tender documents of the Semmering Base Tunnel (see Figure 56).

Table 18: Specifications “4 D1,6 Y 5,0”

Fillin Inner pipe, Outer pipe,
.g Mass percentage steel quality, | steel quality, Inlay
material . . . .
dimension dimension
35.19% CEM II/B-M (S-L) 32,5 N
4 cm
D16 9.86% Liapor 1-4 mm S235+N DD 11 porous inlay
38.48% Sand 0-2 mm 133x2.5x370 140x2x50 5 MPa
0.47 W/C-ratio
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Figure 89: before/after “4_D1,6_Y_5,0” Figure 90: Scheme “4_D1,6_Y_5,0”

Type I The force-shortening curve shows at the beginning a smooth increase and it
stays in the specified range. The first peak appears at ~6% shortening and an axial force of
~1750 kN, therefore it intersects the upper boundary. Then it shows a quasi-constant
behaviour until an axial force of ~8000 kN and a shortening of ~66% is reached.

Type ll: The force-shortening curve shows at the beginning a smooth increase and it
stays in the specified range. The first peak appears at ~6% shortening and an axial force of
~1750 kN, therefore it intersects the upper boundary. Then it shows a quasi-constant
behaviour until an axial force of ~8000 kN and a shortening of ~66% is reached. It intersects
the lower boundary at ~12% shortening and an axial force of ~1500 kN. At ~45% shortening

and an axial force of ~3400 kN it lies in the specified range again.
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Force-Shortening behaviour
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Figure 91: Force-Shortening behaviour “4_D1,6_Y_5,0” Type |
Force-Shortening behaviour
e——=3x4 D1,6_Y 5,0  =upper boundary lower boundary
7000
6000 T
"= 5000 /
= 4000
S 3000 =
3 / /
Z 2000 Pl
1000 - >
0 ' T T T T T T 1
0% 10% 20% 30% 40% 50% 60% 70%

Shortening [%)]

Figure 92: Force-Shortening behaviour “4_D1,6 Y 5,0" Type Il

The used porous inlay effectively controls the initial behaviour. Type | gets almost fully
fulfilled but to fulfil type Il some changes at the system need to be done. The porous inlay

is completely compressed at the first peak with ~6% shortening.
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Lab Test “1_D1,55_Y_5,0"

The filling material has been estimated with a density of 1.55 kg/dm3. To avoid a high initial
stiffness, a 4 cm porous inlay with a compressive strength of 5 MPa is used. A compensation
layer of gypsum needs to be installed to provide full contact. The boundaries refer to the

tender documents of the Semmering Base Tunnel (see Figure 56).

Table 19: Specifications “1_D1,55 Y 5,0”

Fillin Inner pipe, Outer pipe,
.g Mass percentage steel quality, | steel quality, Inlay
material . . . .
dimension dimension
34.03% CEM II/B-M (S-L) 32,5 N
4 cm
D155 12.19% Liapor 1-4 mm S235+N DD 11 porous inlay
37.21% Sand 0-2 mm 133x2.5x370 140x2x50 5 MPa
0.49 WI/C-ratio
=
A‘ inner
1/_pipe
|_—porous
filing g
porous quter
inlay\ pipe
K

iy

Figure 94: Scheme “1_D1,55_Y_5,0"

Figure 93: before/after “1_D1,55_Y_5,0”

Type I The force-shortening curve shows at the beginning a smooth increase and it
stays in the specified range. The first peak appears at ~5.5% shortening and an axial force
of ~1300 kN. Then it shows a quasi-constant behaviour until an axial force of ~6800 kN and
a shortening of ~65% is reached.

Type ll: The force-shortening curve shows at the beginning a smooth increase and it
moves along the lower boundary but stays in the specified range. The first peak appears at
~5.5% shortening and an axial force of ~1300 kN. Then it shows a quasi-constant behaviour
until an axial force of ~6800 kN and a shortening of ~65% is reached. It intersects the lower
boundary at ~11% shortening and an axial force of ~1300 kN. At ~48% shortening and an

axial force of ~3400 kN it lies in the specified range again.
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Force-Shortening behaviour
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Figure 95: Force-Shortening behaviour “1_D1,55 Y _5,0" Type |
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Figure 96: Force-Shortening behaviour “1_D1,55_Y_5,0” Type Il

The used porous inlay effectively controls the initial behaviour. Type | gets fully fulfilled but
to fulfil type 1l some changes at the system need to be done. The porous inlay is completely

compressed at the first peak with ~5.5% shortening.
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Lab Test “1_D1,55_4cm_Y”

The filling material has been estimated with a density of 1.55 kg/dm3. To avoid a high initial
stiffness, a 4 cm porous inlay with a compressive strength of 5 MPa is used. A compensation
layer of gypsum needs to be installed to provide full contact. The boundaries refer to the

tender documents of the Semmering Base Tunnel (see Figure 56).

Table 20: Specifications “1_D1,55 4cm_Y”

Fillin Inner pipe, Outer pipe,
.g Mass percentage steel quality, | steel quality, Inlay
material . . . .
dimension dimension
34.03% CEM II/B-M (S-L) 32,5 N
4 cm

D155 12.19% Liapor 1-4 mm S235+N DD 11 porous inlay

37.21% Sand 0-2 mm 133x2.5x360 140x2x50 5 MPa

0.49 W/C-ratio
| ﬁ a1

] inner
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Figure 97: before/after “1_D1,55_4cm_Y* Figure 98: Scheme “1_D1,55_4cm_Y”

Type I The force-shortening curve shows at the beginning a smooth increase and it
stays in the specified range. The first peak appears at ~6% shortening and an axial force of
~1500 kN, therefore it intersects the upper boundary. Then it shows a quasi-constant
behaviour until an axial force of ~8300 kN and a shortening of ~68% is reached.

Type ll: The force-shortening curve shows at the beginning a smooth increase and it
moves along the lower boundary but stays in the specified range. The first peak appears at
~6% shortening and an axial force of ~1500 kN. Then it shows a quasi-constant behaviour
until an axial force of ~8300 kN and a shortening of ~68% is reached. It intersects the lower
boundary at ~11% shortening and an axial force of ~1400 kN. At ~48% shortening and an

axial force of ~3500 kN it lies in the specified range again.
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Force-Shortening behaviour
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Figure 99: Force-Shortening behaviour “1_D1,55 4cm_Y” Type |
Force-Shortening behaviour
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Figure 100: Force-Shortening behaviour “1_D1,55 4cm_Y” Type |l

The used porous inlay effectively controls the initial behaviour. Type | gets fully fulfilled but
to fulfil type 1l some changes at the system need to be done. The porous inlay is completely

compressed at the first peak with ~6% shortening.
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Lab Test “2_D1,55_4cm_Y”

The filling material has been estimated with a density of 1.55 kg/dm3. To avoid a high initial
stiffness, a 4 cm porous inlay with a compressive strength of 5 MPa is used. A compensation
layer of gypsum needs to be installed to provide full contact. The boundaries refer to the

tender documents of the Semmering Base Tunnel (see Figure 56).

Table 21: Specifications “2_D1,55 4cm_Y”

Fillin Inner pipe, Outer pipe,
.g Mass percentage steel quality, | steel quality, Inlay
material . . . .
dimension dimension
34.03% CEMII/B-M (S-L) 32,5N
4
Diss | 1219%  Liapor 1-4 mm S235+N DD 11 C"i‘n'lc’;;ous
37.21% Sand 0-2 mm 133x2.5x360 140x2x50 5 MPa
0.49 W/C-ratio
47
|

] _—porous
filling

370
420

porous
inlay—\

Figure 101: before/after “2_D1,55_4cm_Y” Figure 102: Scheme “2_D1,55 4cm_Y”

Type I: The force-shortening curve shows at the beginning a smooth increase and it
stays in the specified range. The first peak appears at ~6% shortening and an axial force of
~1450 kN. Then it shows a quasi-constant behaviour until an axial force of ~7800 kN and a
shortening of ~66% is reached.

Type II: The force-shortening curve shows at the beginning a smooth increase and it
moves along the lower boundary but stays in the specified range. The first peak appears at
~6% shortening and an axial force of ~1450 kN. Then it shows a quasi-constant behaviour
until an axial force of ~7800 kN and a shortening of ~66% is reached. It intersects the lower
boundary at ~11% shortening and an axial force of ~1400 kN. At ~46% shortening and an
axial force of ~3500 kN it lies in the specified range again.
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Force-Shortening behaviour
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Figure 103: Force-Shortening behaviour “2_D1,55 4cm_Y” Type |
Force-Shortening behaviour
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Figure 104: Force-Shortening behaviour “2_D1,55 4cm_Y” Type |l

The used porous inlay effectively controls the initial behaviour. Type | gets fully fulfilled but

to fulfil type 1l some changes at the system need to be done. The porous inlay is completely

compressed at the first peak with ~6% shortening.
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Lab Test “4_D1,55_2cm_Y”

The filling material has been estimated with a density of 1.55 kg/dm3. To avoid a high initial
stiffness, a 2 cm porous inlay with a compressive strength of 5 MPa is used. A compensation
layer of gypsum needs to be installed to provide full contact. The boundaries refer to the

tender documents of the Semmering Base Tunnel (see Figure 56).

Table 22: Specifications “4_D1,55 2cm_Y”

Fillin Inner pipe, Outer pipe,
.g Mass percentage steel quality, | steel quality, Inlay
material . . . .
dimension dimension
34.03% CEM II/B-M (S-L) 32,5 N
2cm
D155 12.19% Liapor 1-4 mm S235+N DD 11 porous inlay
37.21% Sand 0-2 mm 133x2.5x380 140x2x50 5 MPa
0.49 W/C-ratio
0
i
./—mner
] pipe
| —porous % =
filling A
porous
inlay outer
pipe
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Figure 105: before/after “4_D1,55 2cm_Y” Figure 106: Scheme “4_D1,55 2cm_Y”

Type I The force-shortening curve shows at the beginning a smooth increase and it
stays in the specified range. The first peak appears at ~4% shortening and an axial force of
~1500 kN, therefore it intersects the upper boundary. Then it shows a quasi-constant
behaviour until an axial force of ~8000 kN and a shortening of ~66% is reached.

Type ll: The force-shortening curve shows at the beginning a smooth increase and it
moves along the lower boundary but stays in the specified range. The first peak appears at
~4% shortening and an axial force of ~1500 kN, therefore it intersects the upper boundary.
Then it shows a quasi-constant behaviour until an axial force of ~8000 kN and a shortening
of ~66% is reached. It intersects the lower boundary at ~11% shortening and an axial force
of ~1400 kN. At ~46% shortening and an axial force of ~3500 kN it lies in the specified

range again.
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Force-Shortening behaviour
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Figure 107: Force-Shortening behaviour “4_D1,55 2cm_Y” Type |
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Figure 108: Force-Shortening behaviour “4_D1,55 2cm_Y” Type |l

The used porous inlay effectively controls the initial behaviour. Type | gets almost fully
fulfilled but to fulfil type Il some changes at the system need to be done. The porous inlay

is completely compressed at the first peak with ~4% shortening.
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Lab Test “3_D1,55 6cm_Y”

The filling material has been estimated with a density of 1.55 kg/dm3. To avoid a high initial
stiffness, a 6 cm porous inlay with a compressive strength of 5 MPa is used. A compensation
layer of gypsum needs to be installed to provide full contact. The boundaries refer to the

tender documents of the Semmering Base Tunnel (see Figure 56).

Table 23: Specifications “3_D1,55 6cm_Y”

Fillin Inner pipe, Outer pipe,
.g Mass percentage steel quality, | steel quality, Inlay
material . . . .
dimension dimension
34.03% CEM II/B-M (S-L) 32,5 N
6 cm
D155 12.19% Liapor 1-4 mm S235+N DD 11 porous inlay
37.21% Sand 0-2 mm 133x2.5x340 140x2x70 5 MPa
0.49 W/C-ratio
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Figure 109: before/after “3_D1,55_6cm_Y” Figure 110: Scheme “3_D1,55 6cm_Y”

Type I The force-shortening curve shows at the beginning a smooth increase and it
stays in the specified range. The first peak appears at ~9% shortening and an axial force of
~1500 kN. Then it shows a quasi-constant behaviour until an axial force of ~8500 kN and a
shortening of ~68% is reached.

Type ll: The force-shortening curve shows at the beginning a smooth increase and it
gets below the lower boundary from ~1-~8%. The first peak appears at ~9% shortening and
an axial force of ~1500 kN. Then it shows a quasi-constant behaviour until an axial force of
~8500 kN and a shortening of ~68% is reached. It intersects the lower boundary at ~11.5%
shortening and an axial force of ~1400 kN. At ~46% shortening and an axial force of

~3500 kN it lies in the specified range again.
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Force-Shortening behaviour
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Figure 111: Force-Shortening behaviour “3_D1,55 6cm_Y” Type |
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Figure 112: Force-Shortening behaviour “3_D1,55 6cm_Y” Type |l

The used porous inlay effectively controls the initial behaviour. Type | gets fully fulfilled but

to fulfil type 1l the initial increase of the force-shortening curve needs to be steeper. The

porous inlay is completely compressed at the first peak with ~9% shortening.
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Lab Test “D_1,55 7cm_Y_Bohrung”

The filling material has been estimated with a density of 1.55 kg/dm3. To avoid a high initial
stiffness, a 7 cm porous inlay with a compressive strength of 5 MPa is used. A compensation
layer of gypsum needs to be installed to provide full contact. Additionally, this lab test
contains a central borehole with a diameter of 32 mm to obtain more volume where the
destroyed material can expand into. The boundaries refer to the tender documents of the

Semmering Base Tunnel (see Figure 56).

Table 24: Specifications “D1,55 7cm_Y_Bohrung”

Fillin Inner pipe, Outer pipe,
.g Mass percentage steel quality, | steel quality, Inlay
material . . . .
dimension dimension
34.03% CEM II/B-M (S-L) 32,5 N 7cm
orous inla
12.19%  Liapor 1-4 mm S235+N DD 11 P y
D1,55 133x2.5x330 140x2x80 > MPa,
37.21% Sand 0-2 mm Xe.oX XeX 32 mm
0.49  W/C-ratio borehole
57
L bipe.
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Figure 113: before/after “D1,55_7cm_Y_Bohrung’ Figure 114: Scheme “D1,55_7cm_Y_Bohrung®

Type I: The force-shortening curve shows at the beginning a smooth increase and it
moves along the lower boundary but stays in the specified range. The first peak appears at
~10% shortening and an axial force of ~1400 kN. Then it shows a quasi-constant behaviour
until an axial force of ~8200 kN and a shortening of ~69% is reached. At a shortening of
~16% a jump appears and that’s the reason why it leaves the specified range from
~25% - ~32% shortening.

Type ll: The force-shortening curve shows at the beginning a smooth increase and it

gets below the lower boundary from ~1% - ~9.5%. The first peak appears at ~10%
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shortening and an axial force of ~1400 kN. Then it shows a quasi-constant behaviour until
an axial force of ~8200 kN and a shortening of ~69% is reached. It intersects the lower
boundary at ~11% shortening and an axial force of ~1400 kN. At ~48.5% shortening and

an axial force of ~3600 kN it lies in the specified range again.

Force-Shortening behaviour

e 3x3 _D1,55 7cm_Y_Bohrung ==upper boundary lower boundary
7000
6000 /
E 5000 //
4000 / /

3000 / /
2000 7‘// E—— /

1000 - — ="

0 |

0% 10% 20% 30% 40% 50% 60% 70%
Shortening [%)]

Axial force [kN

Figure 115: Force-Shortening behaviour “D1,55_7cm_Y_Bohrung” Type |
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Figure 116: Force-Shortening behaviour “D1,55_7cm_Y_Bohrung” Type I

The used porous inlay effectively controls the initial behaviour but the borehole has a
negative effect on the force-shortening behaviour. Type | and Type Il cannot get fulfilled.

The porous inlay is completely compressed at the first peak with ~10% shortening.
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Lab Test “Botament_7cm_Y_Bohrung57”

The filling material has been estimated with a density of 1.55 kg/dm3. Therefore, a new
binding material has been used. To avoid a high initial stiffness, a 7 cm porous inlay with a
compressive strength of 5 MPa is used. A compensation layer of gypsum needs to be
installed to provide full contact. Additionally, this lab test contains a central borehole with a
diameter of 57 mm to obtain more volume where the destroyed material can expand into.
The boundaries refer to the tender documents of the Semmering Base Tunnel (see
Figure 56).

Table 25: Specifications “Botament_7cm_Y_Bohrung57”

- Inner pipe, Outer pipe,
Filling . .
) Mass percentage steel quality, | steel quality, Inlay
material . . . .
dimension dimension
62.91% Botament ! cm
Botament _ S235+N DD 11 porous inlay
1,55 | 17.35% Liapor1-4 mm 133x2.5x330 140x2x80 | 5 MPa, 57 mm
0.47 W/C-ratio borehole
‘ )
‘ v k
| b
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|
‘ porous
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Figure 117: before/after Figure 118: Scheme
“‘Botament_7cm_Y_Bohrung57” “‘Botament_7cm_Y_Bohrung57¢
Type I The force-shortening curve shows at the beginning a smooth increase and it

moves along the lower boundary but it leaves the specified range. The first peak appears
at ~11% shortening and an axial force of ~1100 kN. Then it shows an oscillating behaviour
until an axial force of ~1200 kN and a shortening of ~39% is reached. From this point it
shows a quasi-constant behaviour until a shortening of ~69% and an axial force of 8000 kN
is reached.

Type ll: The force-shortening curve shows at the beginning a smooth increase and it
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gets below the lower boundary from ~1% - ~57%. The first peak appears at ~11%
shortening and an axial force of ~1100 kN. Then it shows an oscillating behaviour until an
axial force of ~1200 kN and a shortening of ~39% is reached. From this point it shows a

guasi-constant behaviour until a shortening of ~69% and an axial force of 8000 kN is

reached.
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Figure 119: Force-Shortening behaviour “Botament_7cm_Y_Bohrung57” Type |

Force-Shortening behaviour

= 3xBotament_7cm_Y_Bohrung57 ==upper boundary lower boundary
7000
_ 6000 e /
£ 5000 y e /

= 4000 A yid
5 3000 A pal

< 2000 padi A

~ 1000 74 o~

0 -+ T T T T T T 1
0% 10% 20% 30% 40% 50% 60% 70%
Shortening [%]

Figure 120: Force-Shortening behaviour “Botament_7cm_Y_Bohrung57” Type |l

The used porous inlay effectively controls the initial behaviour but the borehole has a
negative effect on the force-shortening behaviour. Type | and Type Il cannot get fulfilled.

The porous inlay is completely compressed at the first peak with ~11% shortening.
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Lab Test “Botament1,37_7cm_Y”

The filling material has been estimated with a density of 1.37 kg/dm3. Therefore, a new
binding material has been used. To avoid a high initial stiffness, a 7 cm porous inlay with a
compressive strength of 5 MPa is used. A compensation layer of gypsum needs to be
installed to provide full contact. The boundaries refer to the tender documents of the

Semmering Base Tunnel (see Figure 56).

Table 26: Specifications “Botament1,37_7cm_Y”

Fillin Inner pipe, Outer pipe,
.g Mass percentage steel quality, | steel quality, Inlay
material . . . .
dimension dimension
59.05% Botament 7cm
Botament ) S235+N DD 11 orous inla
1,37 | 26.90% Liapor 1-4 mm 13325x330 | 1doxxe0 | OO
0.51 W/C-ratio
e

| —porous
filling

330

410

porous
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Figure 121: before/after “Botament1,37_7cm_Y”  Figure 122: Scheme “Botament1,37_7cm_Y”

Type I: The force-shortening curve shows at the beginning a smooth increase and it
moves along the lower boundary but it stays in the specified range. The first peak appears
at ~9% shortening and an axial force of ~1100 kN. Then it shows an oscillating behaviour
until an axial force of ~1200 kN and a shortening of ~26%, where it intersects the lower
boundary at ~14% shortening and an axial force of ~1000 kKN. From this point, it shows a
guasi-constant behaviour until a shortening of ~69% and an axial force of 7700 kN is
reached.

Type ll: The force-shortening curve shows at the beginning a smooth increase and it
gets below the lower boundary from ~1% - ~52%. The first peak appears at ~9% shortening
and an axial force of ~1100 kN. Then it shows an oscillating behaviour until an axial force
of ~1200 kN and a shortening of ~26% is reached. From this point it shows a quasi-constant
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behaviour until a shortening of ~69% and an axial force of 7700 kN is reached.

Force-Shortening behaviour

= 3xBotament1,37_7cm_Y  e==upper boundary lower boundary

7000

6000

\

3000
1000 -éa,

0% 10% 20% 30% 40% 50% 60% 70%
Shortening [%]

Axial force [KN/m]

\
\

Figure 123: Force-Shortening behaviour “Botament1,37_7cm_Y” Type |
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Figure 124: Force-Shortening behaviour “Botament1,37_7cm_Y” Type Il

The used porous inlay effectively controls the initial behaviour. Type | and Type Il cannot
get fulfiled. The porous inlay is completely compressed at the first peak with ~9%

shortening.
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Lab Test “D1,37_7cm_Y”

The filling material has been estimated with a density of 1.37 kg/dm To avoid a high initial
stiffness, a 7 cm porous inlay with a compressive strength of 5 MPa is used. A compensation
layer of gypsum needs to be installed to provide full contact. The boundaries refer to the

tender documents of the Semmering Base Tunnel (see Figure 56).

Table 27: Specifications “D1,37_7cm_Y”

Fillin Inner pipe, Outer pipe,
.g Mass percentage steel quality, | steel quality, Inlay
material . . . .
dimension dimension
29.85% CEM II/B-M (S-L) 32,5N
7cm

D137 20.58% Liapor 1-4 mm S235+N DD 11 porous inlay

3263% Sand 0-2mm 133x2.5x330 140x2x80 5 MPa

0.57 W/C-ratio
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Figure 126: Scheme “D1,37_7cm_Y”

Figure 125: before/after “D1,37_7cm_Y”

Type I The force-shortening curve shows at the beginning a smooth increase and it
moves along the lower boundary but it stays in the specified range. The first peak appears
at ~9% shortening and an axial force of ~1100 kN. Then it shows a quasi-constant behaviour
until a shortening of ~66% and an axial force of 6900 kN is reached. It leaves the specified
range from ~16%-~37% shortening.

Type ll: The force-shortening curve shows at the beginning a smooth increase and it
gets below the lower boundary from ~1% - ~51%. The first peak appears at ~9% shortening
and an axial force of ~1100 kN. Then it shows a quasi-constant behaviour until a shortening

of ~66% and an axial force of 6900 kN is reached.
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Figure 127: Force-Shortening behaviour “D1,37_7cm_Y” Type |
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Figure 128: Force-Shortening behaviour “D1,37_7cm_Y” Type Il

The used porous inlay effectively controls the initial behaviour. Type | and Type Il cannot

get fulfilled.
shortening.

The porous inlay is completely compressed at the first peak with ~9%
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Lab Test “Liapor4d 8 WZ0,75”

For this lab test a new filling material with a different size of the expanded clay (Liapor) has
been used. The boundaries refer to the tender documents of the Semmering Base Tunnel

(see Figure 56).

Table 28: Specifications “Liapor4 8 WZ0,75

Fillin Inner pipe, Outer pipe,
materi?etl Mass percentage steel quality, | steel quality, Inlay
dimension dimension
35.19% CEM II/B-M (S-L) 32,5 N
Liapor .
48 WZ 9.86% Liapor 1-4 mm 34CrMo4 DD 11 )
—035 38.48%  Liapor 4-8 mm 133x2x370 140x2x50
0.75 W/C-ratio
5{ /-outer
) pipe

370
380

.} —porous

filling
Figure 129: before/after “Liapord 8 WZ0,75” Figure 130: Scheme “Liapor4_8 WZ0,75
Type I The force-shortening curve shows at the beginning a steep increase and it

intersects the upper boundary at a shortening of ~0.5% and an axial force of ~800 kN. The
first peak appears at ~1.7% shortening and an axial force of ~1200 kN. Then it shows an
oscillating behaviour until a shortening of ~54% and an axial force of 1900 kN is reached. It
leaves the specified range at ~11% shortening.

Type ll: The force-shortening curve shows at the beginning a steep increase and it
intersects the upper boundary at a shortening of ~0.5% and an axial force of ~800 kN. The
first peak appears at ~1.7% shortening and an axial force of ~1200 kN. Then it shows an
oscillating behaviour until a shortening of ~54% and an axial force of 1900 kN is reached. It

leaves the specified range at ~4% shortening.
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Force-Shortening behaviour
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Figure 131: Force-Shortening behaviour “Liapor4_8 WZ0,75” Type |
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Figure 132: Force-Shortening behaviour “Liapor4d_8 WZ0,75” Type Il

The steep increase at the beginning relates to the direct contact of the inner pipe with its
filling material and the endplate. The oscillating behaviour of the force-shortening curve
relates to the high amount of expanded clay in the filling material.



