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Optimiertes Bewehrungskonzept für  Tübbing-Längsfugen 
im Segmenttunnelbau
Bei der Errichtung von Tunneln mit Fertigteilsegmenten über-
nimmt die Tunnelschale die Tragwirkung des ausgebrochenen 
Gebirgsmaterials. Da die Platzverhältnisse im Tunnelbau stark 
beschränkt sind, ist die Tunnelschale in einzelne Segmente un-
terteilt. Die Begrenzungsflächen zwischen den Tübbingen wer-
den in Längs- und Ringfugen unterteilt. In den Tübbing-Längs-
fugen sind typischerweise hohe Drucknormalkräfte in Kombi-
nation mit relativ kleinen Biegemomenten vorherrschend. Für 
die Dicke der Tübbinge ist häufig die Bemessung der Tübbing-
Längsfugen maßgebend. Dies resultiert aus dem Umstand, 
dass die Regelquerschnittsfläche der Tübbinge im Bereich der 
Längsfugen reduziert werden muss, um ein Abplatzen der Be-
tonkanten zu verhindern. Die dadurch entstehenden hohen 
Druckspannungen im Bereich der Tübbinglängsfugen sind ein 
wesentlicher Faktor bei der Bemessung der Tübbinge. Das Ins-
titut für Tragkonstruktionen der TU Wien hat ein neues Beweh-
rungskonzept für Tübbinge entwickelt, dass zu einer Verbesse-
rung der Tragfähigkeit der Tübbing-Längsfuge führt. Basierend 
auf einer Patentanmeldung der TU Wien wurde das optimierte 
Bewehrungskonzept in einer Versuchsserie getestet und ge-
zeigt, dass das optimierte Bewehrungskonzept die Tragfähig-
keit der Tübbinge signifikant steigert. Die Großversuche liefer-
ten sehr zufriedenstellende Ergebnisse und lassen auf das 
große Potenzial für den Bau von dünneren und tragfähigeren 
Tunnelschalen schließen.

Stichworte Fertigteilsegmente; Tübbing; Bewehrung Tübbing-Längsfuge; 
innovatives Design

When building tunnels using segmental lining, the segmental 
 lining takes over the supporting role of the excavated soil. With 
the workspace in tunnel construction being very constricted 
the circular, segmental linings are divided into small segments 
called tubbings which are assembled by a tunnel boring machi-
ne. This kind of construction results in numerous longitudinal 
and circumferential joints. The loading situation for the longitu-
dinal joints is typically dominated by the compressive normal 
forces combined with relatively small bending moments. The 
thickness of the tubbings usually depends on the longitudinal 
joints of the individual segments. The cross-sectional area of 
the tubbings has to be reduced at the joints in order to avoid 
spalling of the concrete leading to higher compression in the 
joints themselves. The Institute of Structural Engineering of TU 
Wien developed a new reinforcement design for tubbings with 
strengthened longitudinal joints. With a patent application pen-
ding, the newly designed joints were manufactured and tested 
demonstrating that the TU Wien proposal significantly increa-
ses the load-bearing capacity of the tubbings in comparison to 
conventional tubbing solutions. The very satisfying results, ob-
tained from the large-scale tests of the newly developed joint 
design, show great potential for the construction of tunnels 
with thinner tubbings in the near future.

Keywords Precast tunnel segments; tubbing; joint reinforcement; innovative 
design
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1 Introduction

The fast technical evolution of tunnel boring machines 
(TBM) in the past decades contributed to the high popu-
larity of the continuous tunnelling method. Due to the 
adaptivity of the TBM setup, it became possible to drive 
tunnels through all kinds of difficult soil and water condi-
tions in a safe, quick and economic way. In the case of a 
very long tunnel the dimension of the tunnel structure, 
which influences the excavated cross section, has a huge 
impact on the total costs of the infrastructure project. The 
clearance needed for traffic is a factor that simply cannot 
be reduced, leaving only the thickness of the tunnel lin-
ing, to be variable. The thickness of the tubbings then 
again depends on the load-bearing capacity of the longitu-
dinal joints (Figure 1) of the individual construction seg-
ments. There the cross-sectional area of the tubbings has 
to be reduced in order to avoid spalling of the concrete 

leading to higher compression in the joints themselves 
(σc0 > σc1 as can be seen in Figure 1).

This paper discusses the state of the art of the ultimate 
limit state (ULS) design according to the European 
standards [1, 2] and presents a new optimized reinforce-
ment design for tubbings with strengthened longitudinal 
joints. Although there are no analytical models availa-
ble, a couple of empirical models [3–6] that describe this 
specific problem of partially loaded areas in longitudinal 
joints of tubbings can be found. These models are based 
on experiments leading to limitations when it comes to 
applying the models to different configurations or sys-
tems. Based on this gathered knowledge the newly de-
veloped joint design, invented and patented in 2019 by 
the Institute for Structural Engineering of TU Wien [7, 
8], as well as first test results and a suggestion on how to 
adapt the existing empirical models to calculations of 
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S(Ac1), leading to a two times higher stress level (see Fig-

ure 1). In the past various solutions for this problem had 
been considered. An overview of these already existing 
solutions and a walk through the ULS design according 
to current available design approaches applied to a con-
ventional longitudinal joint are discussed in Section 2.1 
and 2.2. In this paper only the centrically loaded longitu-
dinal joint is presented and discussed, because the follow-
ing experiments were done for a centric load situation 
without bending moments.

2.1 Existing solutions for increasing the load-bearing 
capacity in the longitudinal joint

A variety of solutions to increase the load-bearing capaci-
ty of longitudinal joints of tubbings have been invented. 
None of these is state of the art when it comes to design-
ing an economic tunnel. Even though every building or 
concrete structure is unique, it is often cheaper to over-
size details instead of optimizing them. For most projects 
it is more profitable to optimize the building process or 
reduce the working hours than optimize a technical detail 
and minimize the material consumption. In the case of 
tunnelling the optimization of the tubbings, especially 
when it comes to their thickness, can save a lot of money, 
not only because of the material economization but also 
because of the savings in excavating. Furthermore, if ex-
pensive strengthening elements and complex manufactur-
ing steps, which significantly increase the total costs of a 
tunnel project, can be reduced, an optimization of the 
joints is highly valued.

2.1.1 Patent application AT 518840 A1

One possibility to increase the load-bearing capacity of 
the tubbing longitudinal joint is described in the patent 
application of Porr Bau GmbH [9]. In the solution shown 
in Figure 2a the cross section of the tubbing is made of 
reinforced concrete and the area next to the longitudinal 
joint is strengthened using a material with a significant 
higher compressive strength, as for example steel or stain-
less steel. The chosen dimensions of the strengthening 
bodies must guarantee a distributed load transmission 
into the regular cross section of the tubbing. Disadvan-
tages comprise of the high costs of the strengthening bod-
ies, a higher probability of corrosion and the negative im-
pact on the load-bearing capacity in case of fire [9].

2.1.2 Patent EP 1 243753 B1

In the joint solution shown in Figure 2b the strengthening 
bodies are coupling elements out of steel which increase 
the load-bearing capacity of the longitudinal joints. Each 
joint comprises of two distinct coupling elements creating a 
form fitting connection. The coupling elements are an-
chored with reinforcement bars or anchors to distribute the 
concentrated compression forces from the joint into the 

the load-bearing capacity of the longitudinal joints of 
tubbings are presented.

2 State of the art

For tunnels located in large depths with predominant 
loads caused by soil pressure, the internal forces are typi-
cally dominated by compressive normal forces combined 
with relatively small bending moments. In these cases, the 
thickness of the tunnel tubbings according to state-of-the-
art design is dependent upon the cross section of the lon-
gitudinal joints. The area of the tubbings has to be re-
duced in the joints in order to avoid spalling of the con-
crete due to relative rotations of the segments and enable 
a placement of the necessary watertight gasket. In addi-
tion, the reduced cross section in the longitudinal joints 
must still be able to transfer the compression forces. To 
meet the mentioned geometric requirements the cross 
section of the longitudinal joint (Ac0) is reduced approx. 
to half the size of the regular cross section of the tubbing 

Fig. 1 a) Segmental tunnel lining structure; b) longitudinal joint detail (left), 
longitudinal joint stress distribution (right); c) longitudinal joint cross 
section



392 Geomechanics and Tunnelling 14 (2021), No. 4

C. Proksch-Weilguni, H. Wolfger, J. Kollegger: Optimized reinforcement in longitudinal joints of segmental tunnel linings

the area of the longitudinal joint. C-shaped steel elements, 
which are anchored in the tubbing with screwed-in rein-
forcement bars, are placed at the surface of the longitudi-
nal joint and are connected with engaging counterparts. 
The patent application explains that there is a gap be-
tween the end faces of the C-shaped steel elements disa-
bling a transfer of the axial compression forces in the 
longitudinal joints. The compression force is just able to 
be transferred through the engaging counterparts [12].

2.2 Design approaches of the longitudinal joints

In this section the ULS design according to current avail-
able design approaches applied to a conventional longitu-
dinal joint are discussed.

2.2.1 Eurocode 2 applied in the guideline of the German 
Tunnelling Committee

In Europe the most commonly used analysis method for 
longitudinal joints of tubbings recommended for example 
by the German guideline (DAUB) [3] and the Austrian 
guideline (ÖVBB) [4] for designing tubbings is the method 
according to EC2 [1], Section 6.7 (shown in Eq. 1). This 
approach applies the effect of a partially loaded area 
which leads to a multiaxial-stress state to increase the 
compressive strength of the investigated concrete. Ac-
cording to EC2 [1] the areas Ac0 and Ac1 have to be simi-
lar in shape (as shown in Figure 3) and there must be 
sufficient transversal reinforcement installed for the exist-
ing transverse tension forces. As can be seen in Eq. 1 
there is no explicit consideration of the transversal rein-
forcement in the approach of EC2 [1].

The special case of longitudinal joints of tubbings is dis-
cussed for example in [3, 5] where it is stated that for the 
specific geometric case of the longitudinal joint and with 
sufficient transversal reinforcement the strict geometrical 
requirements can be neglected. Taking this into consider-

standard cross section of the tubbing element [10]. Disad-
vantages include the costs of the coupling elements and the 
susceptibility to corrosion of the steel coupling elements.

2.1.3 Patent DE 25 22 789 C3

In the joint solution described by Oger [11] and pictured 
in Figure 2c the load-bearing capacity is increased by 
strengthening bodies made of cast iron and longitudinal 
steel elements. The axial compressive force is transferred 
from the longitudinal steel elements through the cast-iron 
element into the second tubbing strengthening body. The 
longitudinal elements are welded to the cast iron ele-
ments. The high costs of the cast iron elements and the 
corrosion problem are the main reasons why this system 
is not used in practical applications.

2.1.4 Patent application JP 11287093 A

The Japanese patent application shown in Figure 2d does 
not consider the usual reduction of the cross section in 

Fig. 2 Schematic drawings of different patent applications: a) Patent appli-
cation Porr Bau GmbH 2016, strengthening bodies out of steel; b) Pa-
tent Dahl 2002, coupling elements anchored by reinforcement stir-
rups; c) Patent Oger 1977, strengthening bodies out of cast iron and 
longitudinal steel elements; d) Patent application Hirohide and Susu-
mu 1999, C-shaped steel elements anchored with screwed rein-
forcement

Fig. 3 Design distribution for partially loaded areas according to EC2 [1]
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Scapacity of the unreinforced concrete (q1u,c) and the bear-

ing capacity of the transversal reinforcement (Dq1u,s). The 
approach distinguishes between a plain and a volumetric 
load distribution. According to the definition in [16, 17] the 
geometry of a typical longitudinal joint is categorized as a 
plain load distribution. The load-bearing capacity 
(Fcal,Wichers) can be determined using Eq. 3 where fcm is the 
mean value of the concrete compressive strength.

 (3)

Regarding the concrete capacity share (q1u,c), Eq. 4 dif-
ferentiates between the well-known cubic root approach 
[18] for plain load distributions and the square root ap-
proach [19] for volumetric load distributions.

 (4)

The load-bearing share of the transversal reinforcement 
(q1u,s) is considered by the terms of Eq. 5. The empirical 
factor R regulates the linear increase of the bearing capac-
ity in dependence of the geometrical reinforcement ratio 
ρ1d [%]. The geometrical reinforcement ratio ρ1d is limited 
to 1 % for a plain load distribution. The factor R also de-
pends on the type of load distribution. In the case of plain 
load distribution according to Wichers [16] for determina-
tion of ρ1d [%] b0 is equal to b1. For a typical geometry of 
a longitudinal joint it is suggested to determine ρ1d as 
shown in Figure 4.

 (5)

The recommended location of the centre of gravity of the 
splitting reinforcement should be at a distance of 0.3 · d 
from the partially loaded surface (Figure 5). Wichers [16] 
suggests to distribute the chosen splitting reinforcement 
uniformly with a maximum centre to centre distance of d/8.

The advantage of this approach is the direct considera-
tion of the transversal reinforcement ratio in the mechan-
ical model of the load-bearing capacity. It has to be stated 
that the reinforcement ratio is limited to 1 % which is 
usually always exceeded in a conventional tubbing de-
sign. This approach is based on investigations of centric 
partially loaded members and, as shown by Schmidt-Thrö 
[6], underestimates the load-bearing capacity of members 
with an increased Ac1/Ac0 ratio, a situation which is typi-
cal for eccentrically loaded longitudinal joints.

2.2.3 Schmidt-Thrö

The third mechanical model which is presented in this 
paper was developed by Schmidt-Thrö [6] in 2019 as part 
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ation Ac1 in Eq. 1 equals the regular cross section of the 
tubbing shown in Figure 1 (Ac1 = b1 · d1). Even though 
there is no analytical model supporting this assumption, 
the results of several experiments summarized in [3] vali-
date it. The resistance force (Fcal,EC2) of a partial loaded 
area can be calculated according to Eq. 1.

 (1)

with
fcd Design value of concrete compressive strength
Ac0 Loaded area
Ac1 Maximum design distribution area with a similar 

shape to Ac0

The theoretical upper limit for Fcal,EC2 (3 · fcd · Ac0) will 
never be reached for a typical tubbing geometry (b1 ≈ b0) 
because of the plane load distribution requirement 
(d1 < 3 d0) shown in Figure 3. As stated in [13] the practi-
cal upper limit is about √3 · fcd · Ac0 ≈ 1.73 · fcd · Ac0.

In the guideline of DAUB [3] there is a recommendation 
for determining the transversal reinforcement according 
to Eq. 2 based on the approach of Mörsch [14] supple-
mented by Grasser und Thielen [15]. It is also stated how 
to design the reinforcement for eccentric loaded longitu-
dinal joints. Since the experiments in this paper only 
cover centric loaded longitudinal joints the eccentric case 
of determining the splitting reinforcement is not dis-
cussed furthermore.

 (2)

with
FS,DAUB Splitting force to be covered by splitting rein-

forcement
Ned Maximum normal force
d0 Shown in Figure 3
d1 Shown in Figure 3

The recommended centre of gravity of the determined 
splitting reinforcement according to the guideline of 
DAUB [3] should be at a distance of 0.4 · d from the par-
tially loaded surface and is shown in Figure 5. This is the 
most commonly used approach for the ULS design of a 
longitudinal joint of a tubbing and has been applied in 
several already existing projects. The disadvantages are 
that the confining effects of the transversal reinforcement 
is just considered through the requirements for the suffi-
cient transversal reinforcement.

2.2.2 Wichers (2013)

In his dissertation Wichers [16] developed a design ap-
proach based on the model of Wurm and Daschner [17]. 
The theory states that the load-bearing capacity of a par-
tially loaded area consists of two mechanisms; the bearing 
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loaded surface (first reinforcement layer) 20 to 25 % of 
the splitting reinforcement Fs have to be placed. The re-
maining share of 75 to 80 % has to be placed distributed 
along the distance d with the centre of gravity in a dis-
tance of about 0.45 to 0.55 · d from the partially loaded 
surface.

Schmidt-Thrö focused in his dissertation on the specific 
geometrical parameters of longitudinal joints. With his 
experiments being mainly eccentric loaded a higher Ac1/
Ac0 ratio is obtained for the theoretical model. This ap-
proach was therefore, on the one hand, developed for the 
design of longitudinal joints of tubbings especially by con-
sidering the problem of eccentricities. On the other hand, 
the impact of the transversal reinforcement is not directly 
taken into account. Which is at least a disadvantage 
when it comes to the optimization of a tubbing.

3 Continuous reinforced longitudinal joint

The origin of the idea, the development and the experi-
mental tests carried out with the new design are briefly 
summarized in this section of the paper. Detailed infor-
mation of the experimental investigations are presented 
in Wolfger et al. [20].

In order to increase the load-bearing capacity of the area 
of the longitudinal joints in tubbings the Institute of 
Structural Engineering of TU Wien developed an optimi-
zation of the reinforcement design. The idea is to place 
reinforcement in the tubbings, as shown in Figure 6, in 
such a way that the end sections of the reinforcement 
bars are located right next to the surface of the longitudi-
nal joints. The resulting compression force in the tub-
bing segment ring can therefore be transferred by con-
tact stresses in the butt joints of the reinforcement. As 
shown above using this method the force, which can be 
carried by the longitudinal joint, can be increased to the 
level of the load-bearing capacity of the regular tubbing 
cross section. Therefore, the longitudinal joint reinforce-
ment has to be placed in the area next the longitudinal 
joint to strengthen the joint. With this approach the 
ULS design for longitudinal joints in tubbings without 

of his dissertation. After analysing previous experiments 
further 32 tests were conducted focusing on longitudinal 
joints with large bending moments leading to eccentrici-
ties. One of his two solutions for this specific problem is 
shown in Eq. 6.

 (6)

For determining the splitting reinforcement (Fs), Schmidt-
Thrö recommends the same approach as used in DAUB 
[3] which can be calculated using Eq. 2. The location of 
the splitting reinforcement recommended by Schmidt-
Thrö [6] differs from the approach in [3] and distinguishes 
between two areas. In the first area next to the partially 
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Fig. 4 Design approach Wichers [16]: Load distribution and definition of ρ1d 
applied to a longitudinal tubbing joint

Fig. 5 Recommended centre of gravity of the splitting reinforcement according to a) DAUB [3]; b) Wichers [16]; c) Schmidt-Thrö [6]
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3.1.2 Test setup

In investigations of tubbing joints conducted in the past 
by different testing laboratories various approaches for 
the test setups were adopted. In a test series of Ruhr-Uni-
versität Bochum a steel block was utilized for the centric 
load introduction (shown in Figure 8a) with a PTFE-layer 
applied in some tests to reduce the transverse strain con-
straint [5]. In previous tests at TU Wien a UHPC-block 
was used to transfer the force from the hydraulic jacks 
into the test specimen (shown in Figure 8b) [21]. In the 
new test series two segments of the same type were 
pressed against each other in order to obtain the most re-
alistic test setup as shown in Figure 8c. This resulted in a 
test setup where the load transferred from one tubbing 
through the longitudinal joint into the second without 
any side effects due to load introduction. A similar setup 
has been used for eccentrically loaded longitudinal joints 
at the Technical University of Munich [5].

geometrical eccentricities can be done just by adding the 
load bearing capacity of the longitudinal reinforcement. 
Following the patent application AT 50433/2019 [8], 
which was submitted in the beginning of 2019, large-
scale tests were performed by the research team of the 
Institute.

3.1 Experimental investigations

3.1.1 Test specimens

Two different joint reinforcement designs were tested in 
the course of four experiments. The first test series (Fig-
ure 7a) was produced with the conventional reinforce-
ment design (CT = conventional tubbing), the second 
test series (Figure 7b) with the optimized reinforcement 
(OT = optimized tubbing) design with the reinforcement 
bars positioned at the surface of the longitudinal joints. 
In total there where 16 high strength SAS670/800 rein-
forcement bars with a diameter of 22 mm placed within 
the OT-specimens. For the other reinforcement bars in 
both test series the Austrian standard steel class B550 B 
was used. The test specimens were 400 mm thick (d1,exp), 
700 mm (b1,exp) wide and 600 mm high (exclusive the 
steel plate). The height of the specimens was chosen by 
1.5 times d1,exp to exclude any load introduction influ-
ence on the tubbing joint. For the concrete a strength 
class of C50/60, with a maximal aggregate size of 
16 mm, was chosen. The joint itself was reduced to an 
area of 605 mm (b0,exp) by 208 mm (d0,exp), resulting in a 
55 % smaller cross section than the cross section of the 
regular tubbing. The geometry of the tubbing was chosen 
based on a standard tubbing design applied in already 
existing projects. The chosen thickness correspond to 
the original size and the width was scaled due to the 
maximum force application of 18 MN of the testing 
setup.

Fig. 6 Newly designed optimized longitudinal joint according to patent ap-
plication A 50433/2019 [8]

Fig. 7 Formwork and reinforcement design of the two test specimen types 
(figure taken from [20]): a) Conventional tubbing (CT) test specimen; 
b) Optimized tubbing (OT) test specimen
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ductile behaviour of the compressive reinforcement leads 
to a significant higher failure strain in comparison to the 
conventionally designed longitudinal joints.

According to the German design guideline for tunnel seg-
ments [3] the maximum crack width for the service limit 
state (SLS) is limited to 0.2 mm. A photogrammetric 
measuring system allowed the continuous recording of 
the crack propagation. For the interpretation of the pho-
togrammetric measurements and the concluded positive 
effect on the SLS for the newly designed longitudinal 
joint it is referred to Wolfger et al. [20],

4 Discussion of the experimental and calculated 
results

Up to this point a significant amount of research has been 
done concerning to the problem of partially loaded areas 

3.1.3 Experimental procedure

After painting the test specimens to improve the visibility of 
the occurring cracks, the specimens were installed in the 
test frame. The first test specimen was mounted to the test 
frame using an adapter steel plate. The second was kept in 
position with a crane until an axial force of 1000 kN was 
reached. From that point no additional support was needed. 
The test segments were installed and tested without any ec-
centricity. Throughout the experiment, the forces were 
measured using four load cells and the deformations using 
four inductive displacement transducers (one per corner). 
Additionally, the vertical displacements were measured 
throughout the experiments in four different locations [20]. 
A photogrammetric measuring system allowed the continu-
ous recording of the crack propagation. The specimens were 
to be tested in four stages with 15 min hold phases at 30 and 
40 % of the calculated ultimate load. In the hold phases the 
load was kept constant and the existing cracks recorded 
manually. At 50 % of the ultimate load the load was held for 
30 min. At 80 % of the ultimate load the experiment was 
held again for an hour in order to allow the concrete to 
creep. This test phase enabled the transfer of the force into 
the high strength reinforcing steel in the OT-specimens. 
From that point on the experiment was no longer controlled 
load-dependent but path-controlled with a speed of 
< 0.1 mm/min until failure. The total test duration amount-
ed to four to six hours. On a real tunnel construction site, 
the loads caused by soil and water pressure increase much 
slower, with the maximum load being reached after a day to 
a month. The fast load increase leads to a higher ultimate 
limit load and guarantees conservative test results.

Due to the load transfer in the creep phase, the 
SAS670/800 in the test OT-specimens were able to be 
loaded up to their yielding point therefore allowing an 
economical application. To determine the compressive 
strain (e) the mean values of the measured deformations 
(Dl) were divided by the total length (l0) of the two test 
specimens. The force-mean strain diagram of all four ex-
periments is shown in Figure 9. It can be seen that the 

Fig. 8 Test setup approaches: a) Test setup Bochum (2018) [5]; b) Test setup Vienna (2014) [21]; c) Test setup Vienna (2019)

Fig. 9 Force-strain diagram of the four experiments
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determined fcm (mean value of concrete cylinder com-
pressive strength seen in Tab. 2). The calculated failure 
load for the OT-specimens was determined by adding the 
load-bearing capacity of the additional joint reinforce-
ment (Asj · fsj) to the Eqn. 1, 3 or 6. As shown in Eq. 8 any 
mechanical model can be supplemented with the load-
bearing capacity of the additional joint reinforcement. 
For the presented experiments fsj was taken equal to 
fym,SAS670.

 (8)

with
Fcal.CT Calculated failure load determined by Eqn. 1, 3 or 

6
Asj Area of the longitudinal joint reinforcement
fsj Yield strength of the longitudinal joint reinforce-

ment

As can be seen in Tab. 2 for the centric loaded tubbing 
joint which leads to a Ac1/Ac0-ratio of about 2.23 all the 
discussed models lead to a quite similar result. For a rein-
forcement ratio of 1 % the increase factors (σc0/fcm) for 
the concrete strength in dependence of the Ac1/Ac0 ratio 
of the three presented mechanical models are shown in 
Figure 10. Especially for higher Ac1/Ac0 ratios the models 
diverge.

The mean value of the experimental load-bearing capacity 
of the OT-specimens surpassed that of the CT-specimens 
by 43 %. This result fits very good to the calculated in-
creasement of 42 to 44 % according to Eq. 8. Based on the 
variation coefficient of about 10 % of the CT-test series it 
is highly recommended to proof these results with further 
experiments.

When it comes to building site conditions and the manu-
facturing tolerances it is necessary to consider inaccura-

= ⋅
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regarding the specific parameters of tubbing joints. Look-
ing at a typical tubbing geometry which was also used in 
the test series, the calculated load-bearing capacity of a 
centric loaded longitudinal joint, can be determined with 
the discussed Eqn. 1, 3 or 6 and the parameters of the 
experiments summarized in Tab. 1 and Tab. 2. The calcu-
lated load-bearing capacity of the joint calculated with 
Eqn. 1, 3 or 6 lies between 60 and 65 % of the theoretical 
load-bearing capacity due to normal forces of the regular 
cross section (Fcal,cs) according to Eq. 7.

 (7)

with
Asl Cross section of longitudinal bending reinforcement
fy Yield strength of longitudinal bending reinforcement

That means for tubbing rings dominated by compressive 
normal forces the longitudinal joint is always the weakest 
part of the construction which is decisive for the thick-
ness of the tubbing. In practice bending moments caused 
by external loads and eccentricities always occur and 
have to be considered in the tunnel segment design. The 
eccentric load situation leads to a reduced and eccentri-
cally loaded surface [3, 13]. Basically the location of the 
longitudinal joint reinforcement can be adapted for every 
specific load situation and also increases the load bearing 
capacity of eccentrically loaded longitudinal joints.

In total four specimens were tested. Two tests with a con-
ventional joint design (CT1 and CT2) and two with the 
optimized longitudinal joint (OT1 and OT2). The test re-
sults and all calculations are summarized in Tab. 2. For 
the calculated failure loads of the test CT-specimens the 

= ⋅ − + ⋅( )cal,cs cm c1 sl y slF f A A f A

Tab. 1 Geometric parameters of the tubbing specimens

d1,exp [mm] d0,exp [mm] b1,exp [mm] b0,exp [mm] ASl [mm2]

400 208 700 605 1540

Tab. 2 Material properties, experimental and calculated failure loads of the four test specimens

CT1 CT2 OT1 OT2

fcm [N/mm2] 51.9 51.9 51.9 51.9

fy [N/mm2] 550 550 550 550

fym,SAS670 [N/mm2] – – 776 776

Fexp [kN] 9,198 10,626 14,049 14,404

Fexp,mean [kN] 9,912 14,226

Fcal,EC2 [kN] 9,742 9,742 13,993 13,993

Fcal,Schmidt-Thrö [kN] 9,919 9,919 14,162 14,162

Fcal,Wichers [kN] 9,378 9,378 13,768 13,768

Fexp/Fcal.EC2 [–] 0.94 1.09 1.00 1.03

Fexp/Fcal.Schmidt-Thrö [–] 0.93 1.07 0.99 1.02

Fexp/Fcal.Wichers [–] 0.97 1.12 1.02 1.05

Fcal.CT
Fcal.EC
Fcal.Schmidt
Fcal.Wichers
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– Mechanical models: The deviation of the different 
models when it comes to a higher geometrical ratio of 
Ac1/Ac0 shown in Figure 10 shows that there is still a 
lot of potential to improve the existing mechanical 
models for this specific problem. A design approach 
which considers the geometrical parameters und the 
confining effect of the transversal reinforcement is de-
sirable. However, with the suggestion of adding the 
load-bearing capacity of the additional joint reinforce-
ment every existing and future design approach can be 
adapted according to current valid guidelines.

– Load bearing-capacity increasement: The experimen-
tal increasement of the load-bearing capacity of the 
optimized tubbing reinforcement confirms the calcu-
lated increasement. When it comes to building-site 
conditions further investigations into the influence of 
tubbing segment eccentricities with a variable geo-
metrical reinforcement ratio on the load-bearing ca-
pacity and stiffness of the longitudinal joint have to be 
done.

Especially the behaviour of the load transfer from one 
continuous reinforcement bar through the butt joint into 
the second has to be investigated to be able to optimize 
the reinforcement of a tunnel segment for every single 
tunnel project and there specific requirements due to load 
and eccentricities.
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cies of the position of the additional reinforcement bars. 
The visualization of the overlap of the butt joint surfaces 
of the reinforcement bars, depicted in Figure 11, shows 
that already under laboratory conditions not all bars were 
positioned on top of each other.

The impact of tubbing segment eccentricities and inaccu-
racies on the load-bearing capacity and the stiffness of the 
longitudinal joint of the newly designed tubbing is impor-
tant when it comes to the application for a tunnel project 
in practice. Upon this point it is assumed that the confin-
ing of the transversal reinforcement has a very positive 
effect to the load transfer from one continuous reinforce-
ment bar through the butt joint into the second.

5 Conclusion and outlook

The large-scale tests showed that a higher load-bearing 
capacity of the longitudinal joints was achievable with 
the newly developed joint design, showing great potential 
for the construction of tunnels with thinner tubbings and 
without disadvantages due to corrosion problems in the 
near future. The following conclusions can be drawn 
from the investigations presented in this paper:

Fig. 10 Load-bearing capacity increase factor σc0/fcm in dependence of the 
geometrical ratio Ac1/Ac0

Fig. 11 Overlap of the butt joint surfaces in the longitudinal joint of the tub-
bings
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