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Many reinforced concrete and prestressed concrete bridges are defective or can no longer withstand the increased
traffic loads for a sufficiently long time. In the long term, they will have to be replaced by new structures. In
previous reinforced concrete and prestressed concrete bridges, fatigue loading (e.g. traffic, wind) is rarely a
problem with regard to the concrete, especially since the cyclic traffic loads are relatively low compared to the
static dead loads due to a solid construction method. However, for reasons of sustainability and compliance with
climate targets, future structures and bridges should be built in a resource-efficient and materials-compatible
manner, while at the same time fast and durable. A target-oriented approach to this is segmental bridge con-
struction with keyed dry joints made of ultra-high-performance fiber-reinforced concrete (UHPFRC). In these
bridge structures the fatigue loads could become more relevant due to the slenderness of the thin-walled UHPFRC
bridges superstructure and fatigue problems could occur. In order to investigate this in more detail, FE in-
vestigations on segmental box girder bridges under variation of the concrete strength (NSC, HSC and UHPFRC)
were carried out, while optimising the cross-section dimensions. It was shown that due to the performance of
UHPFRC and the associated cross-section optimisation, an exponential increase in the ratio of cyclic live loads to
static dead loads and thus an exponential increase in fatigue loading occurs at thin-walled and resource-efficient
UHPFRC segmental bridges compared to NSC and HSC bridges and that this can become relevant for the design of
such bridges.

1. Introduction

A large number of reinforced concrete and prestressed concrete
bridges for example in Germany, USA and Canada. [1-3] are defective or
can no longer withstand the increased traffic loads for a sufficiently long
time. They will have to be replaced in the long term. Fig. 1 shows the
distribution of built bridge with respect to their area of a major German
city by year of construction and proportional forecast of replacement
construction after 80 years from [1]. It can be seen that the majority of
bridges were built between 1950 and 1980. This is due to the need for
new infrastructure after the Second World War, which destroyed many
bridges in Germany. Although the bridges built were actually designed

for a service life of 100 years, there are already very clear deficiencies in
terms of load-bearing capacity and durability. On the one hand, this is
due to the building materials, construction methods and design ap-
proaches used at the time and on the other hand, the increased traffic
loads already mentioned contribute to the continuous damage process
[4].

Conventional bridge construction using in-situ concrete is, on the
one hand, very susceptible to defects and dependent on the weather, so
that the quality of execution declines and the durability and service life
of the bridge is reduced. On the other hand, this construction method
represents an immense intervention in road traffic, which is associated
with traffic jams, long detours and very high CO5 emissions as well as

Abbreviations: fcq, Design value of concrete compressive strength; feq i, Design value of concrete compressive fatigue strength; fc(q far, Design value of concrete
tensile fatigue strength; f.u.0,05, Characteristic axial tensile strength of concrete; fem, Mean value of axial tensile strength of concrete; fx, Characteristic compressive
cylinder strength of concrete at 28 days; H, Hight of the bridges cross-section; b,,, Thickness of the bridge cross-section web; a., Coefficient taking account of long
term effects; f..to, Coefficient for concrete strength at first load application; y., Partial factor for concrete; y. ¢, Partial factor for fatigue of concrete; Ao, Compressive
stress range; At., Shear stress range; o., Compressive stress in the concrete; ¢ max, Maximum compressive stress; ocmin, Minimum compressive stress; 7cmax,
Maximum shear stress; 7 min, Minimum shear stress.
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very high economic damage. Segmental bridge construction with keyed
dry joints made of ultra-high-performance fiber-reinforced concrete
(UHPFRC) is an extremely effective, forward-looking, economical,
ecological and thus sustainable alternative (e.g. [1,5-9]) as the combi-
nation of the high performance of UHPFRC (e.g. [10-13]) and the
segmental construction method allows very thin-walled, slender and
material-optimized bridge structures to be built in a short time (e.g.
[14-18]). In addition to static loads, bridge structures are also subject to
high cyclic loads, mainly from traffic (and wind). It must be taken into
account that slender and filigree structures are more susceptible to fa-
tigue loading. In the case of thin-walled UHPFRC bridges, the lower dead
loads result in a larger ratio between cyclic (live) and static (dead and
construction) loads compared to more compact bridges made of normal
strength concrete, which can lead to less favorable fatigue loading. In
this context, the compressive stresses in the concrete with regard to the
thin-walled cross-sections and the shear stresses with regard to the
segmental joints are of decisive interest. In addition, load changes of
> 210° occur, partly as a result of the high cyclic loading and the
service life (service life of UHPFRC > 100 years), which cannot be
neglected and may possibly lead to fatigue problems in thin-walled
UHPFRC structures. However, it must also be taken into account that,
according to relevant guidelines, the joints must be completely under
compressive stresses under service load levels, so that only a small fa-
tigue stress may result.

If segmental concrete towers of hybrid wind turbines are considered
here, which are made of circular precast segments with smooth dry
joints and external prestressing (e.g. [19-23]), DIN 18088-2 [24] re-
quires, among other things, a fatigue design of the concrete under
compression or shear loading. Due to the smooth dry joints, an increase
in stresses of 15% or 35% compared to monolithic concrete towers with
continuous reinforcement must be provided for in the fatigue design,
although the smooth dry joints are fully subjected to compressive stress.
One of the reasons for this is that the joints represent discontinuity areas
where an undisturbed area cannot be assumed. However, it should also
be mentioned at this point that the increase in stress in smooth dry joints
is a pragmatic assumption that has yet to be experimentally verified.

In order to investigate and quantify the fatigue loading of segmental
bridges in more detail, FE investigations were carried out on segmental
bridges with box girder cross sections under variation of the concrete
strength (NSC, HSC and UHPFRC) and the cross section dimensions were
optimized in the course of the design (= thin-walled and material-
optimized cross sections). Subsequently, the resulting maximum and
minimum stresses as well as the stress range of the compressive and
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shear stresses at the relevant locations were evaluated and analyzed for
the individual variants. In the course of the investigations, it became
clear that the high strength and durability of UHPFRC and an optimised
(thin-walled) construction method can take an important step towards
more sustainable and resource-efficient bridge construction. The
reduction in cross-section and material means that the proportion of
dead weight is significantly reduced and the influence of traffic loads
increases considerably. This in turn can lead to an increase in fatigue
stress for the bridges, as demonstrated by the following investigations.

2. State of research
2.1. UHPFRC segmental bridges

UHPFRC segmental bridge construction is not yet widespread.
However, more and more pilot projects are available that demonstrate
the advantages of this construction method. An impressive example of a
UHPFRC segmental bridge is the pilot bridge PS34 near Grenoble in
France (Fig. 2). By combining UHPFRC with the segmental construction
method, it was possible to save 120 m® of concrete and two supporting
piers compared to the conventional in-situ concrete construction
method made of C35/45, to shorten the construction time by two
months and to complete the erection in winter largely without influ-
encing highway traffic using a truck-mounted crane (low dead weight)
[14].

Other UHPFRC segmental bridges constructed worldwide with
similar environmental and economic benefits can be found, for example,
in [9,10].

2.2. Fatigue loading of UHPFRC bridges

2.2.1. Flexible modular high-speed railway bridge made of UHPFRC

In [25], the development of a flexible modular high-speed railway
bridge made of precast UHPFRC segments for the Austrian Railways
(OBB) is reported. The aim of the investigations was to be able to
temporarily bridge railroad construction sites with more flexible spans
(up to max. 28 m) and lower overall heights. The U-shaped precast
UHPFRC segments will be connected at the construction site with
smooth dry joints and external prestressing to form a bridge super-
structure and, due to their low dead weight, directly lifted into place by
rail cranes. The superstructure consists of two end segments and n fili-
gree standard segments. The end segments are slightly longer and more
compact in order to provide sufficient space for the bearing
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Fig. 1. Distribution of built bridge with respect to their area of a major German city by year of construction and proportional forecast of replacement construction

after 80 years (gray bars, right in the diagram) according to [1].
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Fig. 2. Bridge PS34: assembly of the 22 UHPFRC segments with 12.0 cm wall thickness and keyed dry joints next to the highway (left) [14], lifting of the 47.7 m long
superstructure with only one truck-mounted crane (middle) [15] and finalized bridge (right).

Source: C. Clergue

arrangement, for the expansion joint and for the tendon anchorage. In
order to reduce the weight of the standard segments and at the same
time save material, the standard segments were designed with thinner
trough webs and a hollow base plate, which is provided with a trussed
framework in the transverse direction (Fig. 3, left and center). In addi-
tion, the (most) external tendons run through the openings of the trussed
framework of the base plate (Fig. 3, right). The prestressing was
designed so that the dry segment joints are completely under compres-
sive stresses in the serviceability limit state under the rare load combi-
nation, and in the ultimate limit state, the gaping of the dry joints is
limited to 2/3 of the cross-sectional height. Due to the large web area
and a characteristic coefficient of friction of 0.35, the segmental joints
are designed without fine profiling with a smooth, CNC-ground surface.
The development of the flexible modular bridge made of precast
UHPFRC segments was based on extensive FE calculations and experi-
mental tests. In addition, according to [1], a two-year test phase of a
prototype will investigate, among other things, how the smooth,
CNC-ground UHPFRC segment joints behave under high cyclic loads
(fatigue loading resulting from railway operation). Further publications
on the findings and results of this test phase are not available in the
technical literature.

The fatigue life of the UHPFRC segmental bridge and the individual
segments was specified by OBB as 50 years. This led to a massive change
in the steel stresses during the fatigue check of the shear reinforcement
and ultimately to an amplification of the stirrups by a factor of 1.5.
According to [1], this factor or this increase in the shear stresses is due to
the increasing influence of the cyclic live loads compared to the lower
static dead loads of the lightweight filigree UHPFRC segmental bridge
(= larger ratio between cyclic live loads and static dead loads). Further
evaluations on the fatigue loading, e.g. on the compressive stresses
occurring, are not includes in [1] and [25] or cannot be subsequently
analysed on the basis of the information provided.

2.2.2. FE study on segmental bridges made of UHPFRC

Since the load-bearing behavior of segmental bridges made of
UHPFRC may differ from that of ordinary segmental bridges made of
normal and high strength concrete (NSC and HSC) due to the higher
concrete strength and the possible thin cross-sections, the bending load-
bearing behavior of segmental bridges with box girder cross-section,
external tendons and dry joints under variation of the concrete
compressive strength (C55/67, C80/95, C120/145, C180/217) was

investigated in [6] using nonlinear finite element calculations. For the
design of the segmental bridge, a simplified load model deviating from
[26,27] was applied and (only) one load position (maximum bending
moment in the center of the span) was investigated. Furthermore, ac-
cording to [28,29], the concrete compressive stresses were limited to
o. = 0,45 efy. By varying the concrete compressive strength, the
cross-sectional dimensions (web thickness, slab thickness and
cross-sectional height) could be significantly reduced, thus increasing
the slenderness. The determined cross-sectional dimensions of the
segmental bridges C55/67, C80/95, C120/145, C180/217-H18 and
C180/217-H24 can be taken from Fig. 4 and Table 1.

This numerical study focuses on the change in compressive stresses at
the center of the span and the opening of the segment joints. However,
the obtained results can be used for further evaluation on the effects of
slenderness of segmental structures on fatigue loading, since the calcu-
lated stresses are listed at serviceability level in [6]. Evaluating these
results, it can be seen that with increasing concrete grade or more and
more slender and thus lighter bridges, the related maximum stresses
Oc max /fed far T€SP. the related minimum stresses o min/fed f decrease and
the related stress ranges Ao, /f.q s Temain approximately constant (with

5.10 ,

o| 75| 185

Fig. 4. Dimensions of the investigated segmental bridges according to [6].

Fig. 3. Principle of flexible modular high-speed railway bridge made of UHPFRC [25].
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Table 1
Concrete grades and dimensions of the investigated segmental bridges according
to [6].

C55/ C80/ C120/ C180/ C180/
67 95 145 217-H18 217-H24
Height H 2.4 2.2 2.0 1.8 2.4
[m]
Web thickness by, 35 28 22 15 15
[em]

Slab t 20.0 18.0 16.0 12.0 12.0
thickness ty 40.0 36.0 32.0 24.0 24.0
[em]

Area Ac 4.89 4.18 3.58 3.06 3.32

[m?]
Span to depth L/H 18.8 20.5 22,5 25.0 18.8

ratio

regard to f.r See Section 4.2). Conversely, this means that for the
segmental bridges investigated in [6], the fatigue loading decreases or
remains almost constant with increasing ratio between cyclic live loads
and static dead loads. However, it should be taken into account that for
all segmental bridges in [6], the concrete compressive strength was not
really fully used or was used less and less with increasing concrete
compressive strength (6. < 0,45 e fy). An evaluation of the fatigue
loading at shear stress level is not possible, since in [6] the shear stresses
are not specified or corresponding load positions were not investigated.

3. Calculations
3.1. General

In order to investigate the issue of increasing fatigue loading in
slender and filigree segmental structures with respect to both
compressive stresses ¢ and shear stresses 7 in more detail, own numerical
investigations were carried out on segmental bridge superstructures
with different concrete grades and varying cross-sectional dimensions or
slendernesses. The starting point of the investigations presented is an
externally prestressed road bridge with box-girder cross-section in cast-
in-place concrete construction made of normal strength concrete C45/
55 (M-NSC or monolithic reference bridge), which was essentially based
on the design example from [30] (monolithic box-girder road bridge
with external prestressing). The static system is a single-span girder
supported in a statically determined longitudinal and transverse direc-
tion with an effective span of 80.00 m and a bridge length of 81.20 m,
respectively (Fig. 5). Details of the load models and design approaches
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used are given in Section 3.3.

Based on the requirements of this bridge, further variants were
developed and systematically optimized by segmentation, use of higher
concrete grades and subsequent adjustment of the cross-section
geometry:

e S-NSC: segmented variant made of C45/55

e S-HSC: segmented variant made of C80/95 with optimized cross-
section

e S-UHPFRC-1: segmented variant made of C140 with optimized cross
section

e S-UHPFRC-2: segmented variant made of C140 with optimized cross-
section based on steel structures

For the variants S-UHPFRC-1 and S-UHPFRC-2, an ultra-high-
performance concrete with a micro steel fiber content of 2.50% by
volume was used according to [11]. The load-bearing effect of the fibers
(post-cracking tensile strength of UHPFRC) was considered according to
the draft of the DAfStb guideline for ultra-high-performance concrete
[31]. The concrete cover was chosen to 4.5 cm for the normal and high
strength concrete bridges (M-NSC, S-NSC and S-HSC) and to 2.0 cm for
the UHPFRC bridges (S-UHPFRC-1 and S-UHPFRC-2) according to the
design principles (see Section 2.2). The exposure classes were specified
as XC4, XD1 and XF2 (see ZTV-ING [32]). Reinforcing steel grade B500 B
was selected for the reinforcement and prestressing steel grade Y1770C
was used for the prestressing.

The bridges were segmented by means of 28 standard segments, two
end segments (S1 and S1’) and two transverse bulkhead segments (S10
and S10%), each with a width of 2.50 m in the longitudinal direction of
the bridge. The selected segment width is common in segmental bridge
construction and ensures, among other things, transportability (e.g. [1,
6]). An additional standard segment (S17) with a width of 1.20 m was
arranged in the middle of the bridge (see Fig. 6) to achieve the required
bridge length of 81.20 m.

3.2. Calculation methods

The numerical calculations were carried out analogue to [6] (see
Section 2.2.2) using the FE software package SOFISTIK 2022. In order to
develop practical structural variants, the investigated variants were
modeled using shell elements (QUAD-Element) as spatial numerical
models and cable elements as tendons (Fig. 7). The element size of the
shell elements was chosen to be 40 cm, whereby this was automatically
reduced by SOFISTIK in the area of the segmental joints (for further
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Fig. 5. Externally prestressed reference road bridge M-NSC with box girder cross-section based on the example according to [30] (exaggerated representation):
longitudinal section (top left), support arrangement (bottom left) and cross-section (right) (all lengths in [m] and all cross-section dimensions in [cm]).
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Fig. 7. FE-model of the segmental bridges S-UHPFRC-2 with calculated principal stresses and deflections in ULS (deflections shown exaggerated and end cross

girders are hidden).

information on the element types and the meshing, see [33]).

The joints of the segmented variants were modeled using spring el-
ements in accordance with [6] (see also [33]). For this purpose, a small
distance was left between the segments (Fig. 8, left) in order to prevent
unwanted meshing of the shell elements and to be able to arrange the
spring elements. The spring elements can transmit both compressive and
shear stresses, but fail under tensile loading. The stress-strain-diagrams
of the spring elements are shown qualitatively in Fig. 8b) and c).

The corresponding spring parameters (force F and displacement u)
were derived, verified and applied based on tests on keyed dry joints
according to [34] for normal strength concrete, [35] for high strength
concrete and [7,36,37] for ultra-high performance concrete. To account
for the missing concrete cross-section, the spring stiffnesses were sub-
sequently modified. Fig. 9 shows the centre of the span of the FE-model
of the segmental bridge S-UHPFRC-2 (see also Fig. 7) with the calculated
gaping of the segmental joints in ultimate limit state (ULS).

To consider the nonlinear load-bearing behavior, calculations were
carried out using II. order theory. This allows, for example, an evalua-
tion of the stability of the structure. The Reifiner-Mindlin plate theory

a) b) c)
segments

| o | F F
i m I | tension
: o :
| m | _ R
[ W | “u “u
| m |
) m !
| w | )

compression

I I
\ spring elements

Fig. 8. Segmental joints: a) modelling principle, b) spring force-strain diagram
for compressive forces and c) spring force-strain diagram for shear forces.
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Fig. 9. Centre of the span of the FE model of the segmental bridges S-UHPFRC-
2 with calculated gaping of the segmental joints as well as principal stresses and
deflections in ULS (joint openings and deflections shown exaggerated).

was used to calculate the spatial FEM model in SOFISTIK 2022. In its
assumption, the cross-section remains flat, but no longer perpendicular
to the neutral axis. The same shape functions are used for the additional
shear torsion as for the calculation of the displacements. The total tor-
sion is then the sum of shear torsion and bending torsion. The shell el-
ements used can also accurately capture disc bending without shear
distortions using a non-conforming quadratic internal approach function
and therefore have the correct stiffness. The bases for these calculation
approaches are provided in [38,39] and [40]. In order to achieve
convergence for the energy state of the system, the so-called line search
method is used. Depending on the residual forces that occur, the load
step width is reduced internally. If the iteration runs in the direction of
an energy minimum, a new tangential stiffness is built up if necessary.
The crack state of elements is recorded at a reduced stiffness. The FE
model was verified by means of experimental and numerical in-
vestigations according to [6,34,41-48].

3.3. Design codes
The design of the bridge variants was based on EN 1992-2 +NA [49,

50] or EN 1992-1-1 +NA [28,29] and the draft of the DAfStb guideline
for ultra-high performance concrete [31]. The loads were applied in
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accordance with EN 1991-2 +NA [26,27]. In order to reduce the
computational effort, only one selected load position was investigated
for load model 1 (Fig. 10) and for fatigue load model 3 (Fig. 11).

The additional construction loads were set identically for all vari-
ants. Although the time-dependent material behavior of the concrete
and prestressing steel was not part of the investigations, the prestressing
steel stresses were limited to the specified limit values of EN
1991-2 +NA, which in part also include time-dependent prestressing
force losses. This also includes the limitation of the prestressing steel
stresses without deduction of prestressing force losses to 65% of the
prestressing steel tensile strength, which is on the safe side and leads to
an increase of the prestressing steel cross section. Following [51], the
respective prestressing was selected for the four segmented variants so
that the concrete cross-sections have a compressive stress reserve of at
least 1.00 MN/m? in the rare load combination, taking into account the
stressing force dispersion. In addition, no minimum reinforcement (to
avoid brittle failure) was taken into account for the segmented variants.
In the case of the segmented variants, the gaping of the segmental joints
corresponds to a failure with advance notice [34,47]. In addition to the
required stress verifications in the serviceability limit state (SLS), the
ultimate limit state (ULS) was also considered according to the
above-mentioned codes. At ULS, the joint opening height was limited to
2/3 of the cross-section height (Fig. 9) according to [51,52]. The steel
fibers used in the segmental UHPFRC variants can reduce the amount of
reinforcing steel required, particularly when designing shear forces and
torsion (e. g. 34). Due to the joint opening that occurs in the ULS, there
are no significant crack widths in the segments themselves that could be
limited by the fibers (e. g. [53-55]) - the main tensile stresses are
assigned to the tendons. The stress increases occurring in the pre-
stressing steel as a result of the joint opening and the reduction of the
lever arm were directly recorded and taken into account due to the
selected modeling and calculation method.

For the design of the cross-sections, the concrete compressive stresses
in the rare action combination (SLS) were limited to 0,6 e f;, tacking
into account the mean value of the prestressing force. This is based on
the German National Annex to EN 1992-2, as in this case the fatigue
verifications of concrete under compressive loading for road bridges can
be considered to be fulfilled. A corresponding regulation can also be
found in the French National Annex of EN 1992-2 for the design of
UHPC [56]. The fatigue safety of the steel reinforcement was achieved
by increasing the reinforcement content to such an extent that no fatigue
problem exists.

Although the design was carried out in accordance with EN
1992-2 +NA and the DAfStb guideline, alternative approaches (e.g.
[57-59] and [60]) provide more economical results in some cases,
particularly for shear force design. However, these are generally only
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applicable to components with normal strength or high performance
concrete. Design principles for UHPC components were analysed in
[61], for example.

3.4. Bridges variants

Fig. 12 shows the cross-sections of the box-girder bridges developed
in the course of the investigations with the numerical calculations. The
S-NSC variant is based directly on the monolithic reference bridge M-
NSC and only segments it. In the case of the S-HSC variant, the wall
thicknesses of the box girder cross-section could be reduced by using
HSC, since (in Germany) the minimum dimensions according to ZTV-
ING [32] had to be adhered to and the full capacity of the HSC could
therefore not be used. Since these minimum dimensions do not apply to
UHPFRC (in Germany) and the UHPFRC requires higher strengths and a
lower concrete cover (cf. [17,31]), the wall thicknesses could be further
reduced in the S-UHPFRC-1 variant. However, the reduction in wall
thicknesses was limited in this variant with respect to avoiding stability
failure of the thin walls (buckling), although the very high strengths of
the UHPFRC were not yet fully used. The avoidance of stability failure
was based on [62] and [63]. The S-UHPFRC-1 variant is representative
of the UHPFRC segmental bridges typically designed to date (e.g. [1,9,
10,12,16]). Although these are designed to be significantly slimmer in
direct comparison to structures made of normal strength or high
strength concrete, they often fall far short of the capabilities of UHPFRC.
As a result, these structures are much compacter and thicker than would
be necessary at the material level. Consequently, the S-UHPFRC-2
variant was developed, the design being based on considerations ac-
cording to [1] for extremely thin-walled bridge superstructure cross
sections made of UHPFRC. The basic principle of the consideration is to
make full use of the high strengths and durability of UHPFRC (to opti-
mize material consumption) (e. g. [13,64,65]) and at the same time to
avoid stability problems analogue to slender concrete compression
members (e. g. [66,67]) or steel structures (e. g. [68]), which can fail far
below their material load-bearing capacity due to stability failure. To
avoid stability failure, the structure was designed with longitudinal and
transverse ribs (Fig. 13), following common designs in steel construc-
tion. Furthermore, the cross-sectional height was reduced. This made it
possible to use the high performance of the UHPFRC (Fig. 14). The fact
that such thin-walled ribbed construction or complex shapes can be
manufactured as prefabricated elements using UHPFRC is shown,
among others, by the design of thin-walled, ribbed UHPFRC retaining
walls [10,12] and thin-walled, ribbed parabolic trough and heliostat
collectors [69,70]. For all investigated variants, the required verifica-
tions were performed in the SLS and ULS with the codes and described
load positions given in Section 3.3.
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Fig. 10. Load positions of the load model 1 (LM1).
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Fig. 12. Cross sections of the developed variants (all lengths in [m] and all cross-section dimensions in [cm]).

. longitudinal rib
transverse rib

segmental joint

Fig. 13. Design of the segments of the variant S-UHPFRC-2 with longitudinal
and transverse ribs.

In general, it can be summarized that the use of higher concrete
strengths in the variants S-HSC as well as S-UHPFRC-1 and S-UHPFRC-2
allows a consistent reduction of the box girder wall thicknesses and thus
slimmer and thinner-walled cross sections. When looking at the ratio of
the height H to the web thickness by, of the individual bridge cross-
sections (S-NSC: H/b,, = 4.2/0.55 = 7.6; S-HSC: H/b,, = 4.2/0.41 =

10.2; S-UHPFRC-1: H/b,, = 4.2/0.30 = 14.0; S-UHPFRC-2: H/b,, = 3.5/
0.08 = 43.8), the variant S-UHPFRC-2 with a H/b,, ratio of 43.8 shows
by far the greatest cross-sectional slenderness, so that it is considered
thin-walled in this article. The volumes and weights of the construction
materials (concrete, reinforcing steel, prestressing steel and steel fibers)
and their changes are listed in Table 2 as a function of the individual
variants — the monolithic bridge M-NSC is used as a reference for the
percentage changes.

Table 2 shows that the S-HSC variant saves 14.8% of the amount of
concrete compared to the monolithic reference bridge M-NSC, while the
S-UHPFRC-1 variant saves more than 30% and the S-UHPFRC-2 variant
even 65%. The increase of 0.2% for the segmented variant S-NSC results
from the fact that less reinforcing steel or flexural reinforcement has to
be used compared to the monolithic reference bridge M-NSC. Consid-
eration of the two NSC variants shows that the amount of reinforcing
steel can be drastically reduced by segmentation, since significant parts
of the longitudinal reinforcement, which are necessary for the ULS as
well as for the crack width limitation, are eliminated or compensated by
a slightly higher prestress. The saving in the amount of reinforcing steel
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Fig. 14. FE model of three standard segments of the variant S-UHPFRC-2 with calculated principal stresses in ULS.

Table 2
Overview of variants and their characteristic features (changes relative to M-NSC).

Variant Construction method Building materials Volume Weight Change

M-NSC monolithic concrete (C45/55) 794.4 m® 1866.9 t /
reinforcing steel (B500 B) 8.1m? 63.4t /
prestressing steel (Y1770C) 9.1 m*? 71.0t /

S-NSC segmented concrete (C45/55) 796.3 m* 1871.4t + 0.2%
reinforcing steel (B500 B) 6.2m> 485t - 23.5%
Prestressing steel (Y1770C) 10.9 m® 85.3t + 20.1%

S-HSC segmented concrete (C80/95) 676.7 m* 1590.2 t -14.8%
reinforcing steel (B500 B) 6.0 m* 47.0t - 25.9%
prestressing steel (Y1770C) 9.7 m® 76.3t +7.5%

S-UHPFRC-1 segmented concrete (C140) 554.6 m*® 1303.3 t - 30.2%
reinforcing steel (B500 B) 5.4 m° 42.2t - 33.4%
prestressing steel (Y1770C) 8.0 m* 62.5t -12.0%
steel fibers (2,50 Vol.-%) 14.4 m® 112.7 t /

S-UHPFRC-2 segmented / longitudinal and transverse ribs concrete (C140) 278.6 m*® 654.7 t - 64.9%
reinforcing steel (B500 B) 3.0m? 236t - 62.8%
prestressing steel (Y1770C) 8.4m> 65.7 t -7.5%
steel fibers (2,50 Vol.-%) 7.2m* 56.7 t /

is around 23%. For the S-HSC variant, the saving in the amount of
reinforcing steel is about 26%. For the UHPFRC variants, the saving is
about 33% (S-UHPFRC-1) and about 63% (S-UHPFRC-2). For these two
variants, the saving is also largely due to the post-cracking tensile
strength of the UHPFRC (crack-bridging effect of the steel fibers). On the
other hand, compared with the monolithic initial variant M-NSC, the
segmental variants S-NSC and S-HSC basically increase the amount of
prestressing steel required. This is due to the fact that, because of the
segmentation of the structure and the joints, the tendons have to transfer
considerably larger load components that are transferred by the rein-
forcing steel in the monolithic initial variant (see also compressive stress
reserve of at least 1.00 MN/m?). Therefore, the quantities of prestressing
steel of the S-NSC and S-HSC variants increase by 20% and approx. 7%,
respectively, compared to the initial variant, even though almost one
seventh of the dead weight could already be saved in the S-HSC variant.
Only with the UHPFRC variants can prestressing steel be saved due to
the savings in concrete and the associated reduction in dead weight.
Compared with the initial M-NSC variant, 12% prestressing steel can be
saved in variant S-UHPFRC-1 and approx. 8% in variant S-UHPFRC-2.
The lower saving potential of variant S-UHPFRC-2 compared with
variant S-UHPFRC-1 can be explained by the smaller lever arm resulting
from the reduction in the cross-section height.

The material savings achieved in the course of cross-section opti-
mization not only have various advantages in terms of life cycle
assessment, but also from a structural design perspective. The savings
reduce the dead weight of the structures, resulting in a lower design
load. On the one hand, this enables easier transport and installation of
the precast segments, which in turn leads to reduced construction times
(e.g. [34,47,52]). On the other hand, the supports and the bridge sub-
structures (piers and abutments as well as foundations) can be designed
smaller. All this leads to resource savings and economic efficiency as

well as sustainability. A life cycle assessment including an explicit
consideration of the resource consumption of the individual bridge
variants can be found in [8]. All this shows that thin-walled UHPFRC
segmental bridges are a sustainable alternative to conventionally con-
structed bridges made of NSC.

4. Fatigue loading
4.1. General

In order to obtain a better understanding of the load conditions of the
individual bridge variants, the ratio of live loads (LL) to the total loads
(TL) was determined (Fig. 15). The total loads (TL) represent the sum of
the dead loads (see Table 2), the additional construction loads and the
applied live loads (see load model LM1 and FLM3 in Section 3.3). Fig. 15
clearly shows that the proportion of live loads of the load model LM1
(Fig. 12, left) increases slightly and linerarly for the variants M-NSC, S-
NSC, S-HSC and S-UHPFRC-1 and amounts to approx. 30% of the total
loads, while for the material-optimized variant S-UHPFRC-2 it accounts
for almost 50% of the total loads. This enormous increase in the pro-
portion of live loads in the total loads can also be seen in the evaluation
with the load model FLM3 (Fig. 15, right), although the absolute pro-
portion of the load is lower. This is due to the lower loads of the load
model FLM3 compared to the load model LM1.

Since the segmental joints represent discontinuity areas in segmental
bridges (see also Section 1) and their load-bearing capacity is of decisive
importance for the load-bearing safety of the entire segmental structure,
the compressive stresses o, and shear stresses 7. in the relevant
segmental joints (in the center of the span for the compressive stresses
and in the support area for the shear stresses) are examined in more
detail for the following evaluations. For an interpretation of the results
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Fig. 15. Proportion of live loads (LL) of the load model LM1 (left) and the load model FLM3 (right) in relation to the total loads (TL) as a function of the characteristic

concrete compressive strength f of the individual variants.

and the fatigue loading, design elements were used that can integrate
the area element stresses and internal forces over the cross-section area
of the box girder to form beam stresses or beam internal forces (Fig. 16).
Since the values are absolute values and can only be compared with each
other to a limited extent, the stresses in the evaluations in Sections 4.2
and 4.3 are related to the design fatigue reference strengths of the
concrete.

4.2. Compressive stresses

The evaluation of the fatigue loading of the compressive stresses of
the individual variants was carried out in such a way that the
compressive stresses ¢, (maximum Stress o ma.x, Minimum stress o min
and stress range Ao,) were evaluated at the service load level (frequent
load combination) in the center of the span at the bottom of the cross-
section and related to the fatigue compressive strength of concrete
feagu (cf. Eq. 1 and Eq. 2) (Table 3 and Fig. 17). The design fatigue
reference strength of concrete under compression was calculated for
normal and high strength concretes in accordance with [28,29] to be

Jfeata = 1.00 B (10) @ fea ® (1 = fix/250) @

and for ultra-high performance concrete according to the draft of the
DAfStb guideline for ultra-high performance concrete [31] to be

feata = 0.8 0 B (1g) ® fog ® (1.1 — fir /500) (2)

Where . (to) is the coefficient for concrete strength at first load appli-
cation and set here to 1.0, fq is the design value of concrete compressive
strength with foq = acc ® fu /7., where a.. is the coefficient taking ac-
count of long term effects and is 0,85, fi is the characteristic
compressive cylinder strength of concrete at 28 days and y, is the partial
factor for concrete and is 1.50.

If the absolute values of the normal stresses 6¢ max, Gc.min and Ao, of
the individual bridge variants are analysed (Table 3), it can be seen that
these increase with increasing concrete grade. This is due to the fact that

the cross-sectional area A, of the bridge variants (see Fig. 12) decreases
with increasing concrete quality. The difference of the normal stresses
Ocmax and ocmin between the M-NSC and S-NSC variants, on the other
hand, results from the significantly higher prestressing of the segmental
bridge S-NSC (see Table 2). This does not include the stress range Ao, as
there is (almost) no difference in the dead weight of these two bridges.

The evaluations of the related compressive stresses of the variants S-
NSC, S-HSC and S-UHPFRC-1 (Table 3 and Fig. 17) show that with
increasing concrete grade or slimmer and thus lighter bridge, the related
maximum Stress ocmax/feam and the related stress range Aoc/fed fa
decrease. This is comparable to the evaluations of the compressive
stresses of the investigations according to [6] (see Section 2.2.2) and can
again be attributed to the incomplete use of the concrete compressive
strength for S-HSC and S-UHPFRC-1 (see Section 3.4). In contrast, for the
S-UHPFRC 2 variant, in which the strength and durability of UHPFRC
were consistently exploited by a material-appropriate design, there is an
increase in the related maximum stress o max /fed fat (factor ~ 1.4), in the
related minimum stress ¢ min/feaf (factor = 1.3), and in the related
stress range Ao, /feaa (factor ~ 1.6) (factors related to S-NSC), even
though the cross sections or the dry joints are fully compressed under
service load levels. This increase can be attributed to the larger ratio of
live loads (LL) to the total loads (TL) of this variant compared to the
other variants (Fig. 14).

When designing the cross-sections of the individual variants, the
concrete compressive stresses in the rare combination of actions (SLS)
were limited to 0.6 e f in accordance with the German National Annex
to EN 1992-2, thus indirectly verifying the fatigue of concrete under
compressive loading (see Section 3.3). Despite compliance with this
general normative regulation, the results show that very high upper and
lower related stresses can occur in very slender and filigree bridge cross-
sections and thus a fatigue problem of the concrete can exist and this
general normative regulation may not always be on the safe side.

Table 3 and Fig. 17 (left), also show that for the S-UHPFRC-2 variant,
the maximum compressive stress ocmax is 86% and the minimum
compressive stress o.min is 78% of the fatigue compressive strength of

Fig. 16. Example output of compressive stresses o, in the center of the span (left) and shear stresses 7. in the support area (right) of the variant S-UHPFRC-2.
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Maximum stresses o max, Minimum stresses o min and stress ranges Ao, as well as fatigue compressive strength of concrete f.q 1, and related compressive stresses of the

individual variants.

Oc,max Ocmin Ao fed fat Gemax / fed fat Gemin / fed fat A6 / fed fat
[MN/m?] [MN/m?] [MN/m?] [MN/m?] [-] [-] [-]
M-NSC 4.9 3.8 1.0 20.9 0.23 0.18 0.05
S-NSC 13.2 12.2 1.0 20.9 0.63 0.58 0.05
S-HSC 13.7 12.6 1.1 30.8 0.44 0.41 0.04
S-UHPFRC-1 16.3 15.0 1.3 52.0 0.31 0.29 0.03
S-UHPFRC-2 44.9 40.4 4.1 52.0 0.86 0.78 0.08
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Fig. 17. Related maximum stress o max /fea.f (l€ft) and related stress range Ao, /fea e (right) as a function of the characteristic concrete compressive strength f.i of the

individual variants.

concrete f.ify according to the DAfStb guideline (cf. Eq. (2)). These
stresses could possibly be critical or lead to failure of the segmental
bridge. Investigations according to [11,46] on externally prestressed
monolithic and segmental UHPFRC beams with thin-walled box girder
cross-section under monotonically increasing torsional loading and
monotonically increasing combined bending, shear and torsional
loading have shown that the principal compressive stresses may not
exceed approximately 50% of the compressive strength of the UHPFRC.
Beyond this, brittle failure of the UHPFRC occurs (Fig. 18).

It is currently unclear whether such a failure occurs under fatigue
loading and to what extent the compressive strength of the concrete of
fatigue-loaded (segmental) UHPFRC beams can be stressed. As already
mentioned in Section 1, when designing segmental concrete towers of
hybrid wind turbines in accordance with DIN 18088-2 [24], a fatigue
design of the concrete under compressive stress must be carried out and
an increased compressive stress of 15% or 35% must be applied. How-
ever, studies on the fatigue behaviour of the material UHPFRC under
compressive stresses are available and can be found, for example, in

[71-73]. These investigations show that UHPFRC does not exhibit any
significant difference compared to NSC and HPC at the same related
stresses (¢ max/min/fed ) under fatigue loading under compression and
that the corresponding S/N curves are (almost) independent of the
concrete strength class.

4.3. Shear stresses

Furthermore, the shear stresses 7. (maximum Stress 7 max, Minimum
stress T.min and stress range Ar.) in the serviceability limit state
(frequent load combination) in the support area were evaluated for the
individual bridge variants (Table 4). Deviating from the compressive
stresses, the shear stresses were not related to the design fatigue refer-
ence strength of concrete under compression f.qp, but to the design
fatigue reference strength of concrete under tension f.q . The relation
to the concrete tensile strength is based on the following: In segmental
structures, the keyed dry joints represent discontinuity areas and their
load-bearing capacity is essential for the load-bearing capacity of the

Fig. 18. Brittle failure of the concrete of a prestressed UHPFRC segmental beam (V10) under combined bending, shear and torsional loading (images from a high-

speed camera) according to [11].
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Table 4
Maximum stresses 7 max, Minimum stresses 7. mi» and stress ranges Az, as well as concrete tensile fatigue strength f..q 1 and related shear stresses of the individual
variants.
Tc,max Te,min At fcld,fa& T¢,max /fctd,fa( Tc,min /fctd,fat Az, /fctd,fal
[MN/m?] [MN/m?] [MN/m?] [MN/m?] [-1 [-1 [-1
M-NSC 2.1 1.8 0.3 1.8 1.18 1.01 0.17
S-NSC 1.6 1.3 0.3 1.8 0.89 0.72 0.17
S-HSC 2.0 1.6 0.4 2.3 0.87 0.70 0.17
S-UHPFRC-1 2.6 2.0 0.6 3.7 0.70 0.54 0.16
S-UHPFRC-2 6.0 3.0 3.0 3.7 1.62 0.81 0.81

entire segmental structure. The failure of keyed dry joints under
monotonically increasing shear loading is characterized by shearing of
the profiling (shear keys) and is thus directly dependent on the concrete
tensile strength (Fig. 19, see also [74,75]). Consequently, it can be
assumed that the fatigue failure of keyed dry joints under shear loading
is also directly dependent on the concrete tensile strength. However, as
far as the authors are aware, there have been no studies to date on the
load-bearing behavior of keyed dry (UHPFRC) joints under fatigue
(shear) loading. Nevertheless, (initial) studies on the fatigue behaviour
of the material UHPFRC under tensile stresses are available and can be
found, for example, in [18,76-79]. On the one hand, the investigations
show that the micro steel fibers have a stabilising effect on micro-crack
formation. On the other hand, micro steel fibers can also have a
crack-initiating effect. The fatigue behaviour of the material UHPFRC
under tensile stresses has not yet been clearly clarified and is still the
subject of research.

Since EN 1992-2 +NA [49,50] or EN 1992-1-1 +NA [28,29] and the
draft of the DAfStb guideline for ultra-high performance concrete [31]
do not contain any information on the determination of the fatigue
tensile strength of concrete f.qr., these were determined according to
Model Code 2010 [80] and also assumed for UHPFRC:

Seud e = fer0.05 / Ve fat 3)
Where fe4.0,05 is the characteristic axial tensile strength of concrete and
Yeru the partial factor for fatigue of concrete with y g, = 1.50. This
concrete tensile fatigue strength f.qr according to Model Code 2010
strictly applies only in embedded form in different verification methods
(Level II and III) of concrete fatigue. The verification-specific modifi-
cations of the concrete tensile fatigue strength f.q4 . are made in com-
bination with a further reduction coefficient (Level II), which is then
used to determine a lower limit value, or by specifying a conservatively
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held specific tolerable number of load cycles (Level III). Due to the lack
of other normative approaches for determining the concrete tensile fa-
tigue strength fq s, the concrete tensile fatigue strength fq s of the
individual bridge variants was determined in the following according to
Eq. (3), although it is — in the opinion of the authors — a very progressive
value without the addition of modifications (i.e. standing alone).

Fig. 20 shows the related maximum stress 7c max/fod fac (left) and the
related stress range Az, /fuafa (right) as a function of the characteristic
concrete compressive strength fi of the individual variants.

When analysing the absolute values of the shear stresses 7c max, 7c,min
and Az, of the bridge variants (Table 4), it can be observed that these
increase with increasing concrete grade. This is due to the fact that the
wall thickness of the webs of the individual bridge cross-sections (see
Fig. 12) decreases with increasing concrete grade. The difference of the
shear stresses 7cmax and 7. min between the M-NSC and S-NSC variants
results from the significantly higher prestressing of the S-NSC segmental
bridge (see Table 2). The higher prestressing results in a larger shear
force resulting from the prestressing, which counteracts the shear force
from the self-weight and traffic load. The stress range Az, is not affected
by this, as the dead weight of the M-NSC and S-NSC bridges (almost)
does not differ.

The evaluations (Table 4 and Fig. 20) show that the related
maximum Stress ¢ max/fod fai, the related minimum stress ¢ min /fetd far, and
the related stress range At /fua s remain approximately constant for the
variants S-NSC, S-HSC and S-UHPFRC-1, but lead to a huge increase in
the case of variant S-UHPFRC-2 - in which the strengths and durability of
the UHPFRC have been consistently exploited by a material-appropriate
design (cf. Fig. 14). Compared to the variants M-NSC, S-NSC, S-HSC and
S-UHPFRC-1, factors of up to 1.8 (related maximum stress), 1.1 (related
minimum stress) and 4.8 (related stress range), respectively, are ob-
tained for variant S-UHPFRC-2, even though the cross sections or the dry

Fig. 19. Push off test with keyed dry joint made of UHPFRC under monotonically increasing shear loading: principle sketch (left), test specimen in the test setup after
the test (center left), enlarged section of the failure area or sheared shear keys (center right) and schematic crack pattern (right).
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Fig. 20. Related maximum stress 7 max/fuafa (left) and related stress range Az /fua s (right) as a function of the characteristic concrete compressive strength fx of

the individual variants.

joints are completely compressed at service load levels. The increase of
the shear stresses is thus comparable to the results according to [25]
(amplification of the stirrups by a factor of 1.5 in the fatigue check of the
shear reinforcement of the modular high-speed railway bridge made of
UHPFRG, cf. Section 2.2.1). The enormous increase is mainly due to the
increasing influence of the LL/TL ratio of the lightweight filigree
segmental bridge S-UHPFRC-2 (= large ratio between cyclic live loads
and static dead loads cf. Fig. 15). Another effect is that the concrete
tensile strength does not increase proportionally to the concrete
compressive strength with increasing concrete grades, but decreases
from about 10% of the compressive strength for normal strength con-
crete (C20/25: 20 N/mm? to 2.2 N/mm?, according to [49]) to about
5% of the compressive strength for ultra-high performance concrete
(C175/190: 175 N/mm? to 9.4 N/mmz, according to [31] (Fig. 21).

It can also be seen from Table 4 or Fig. 20 (left), that the maximum
Stress 7. max is about 70% to 90% (M-NSC, S-NSC, S-HSC and S-UHPFRC-
1) or about 160% (S-UHPFRC-2) of the design value of the concrete
tensile fatigue strength f.q . according to Model Code 2010 (Eq. (3)).
This is to be considered critical especially for the load-bearing capacity
of the keyed dry joints of variant S-UHPFRC-2. However, it must be
taken into account here that the joints are completely under compressive
stresses in the serviceability limit state and thus a multi-axial stress state
is available in the joint area and, in turn, an increased concrete tensile
strength compared to the unconfined concrete tensile strength [81].
However, in the investigations carried out here — due to the smeared
modeling of the segmental joints by means of spring elements (see
Section 3.2) — design-related effects, such as notch stresses occurring at
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Fig. 21. Mean value of axial tensile strength of concrete f, as a function of the
characteristic concrete compressive strength fx according to EN 1992-1-1 [28]
for normal strength (NSC) and high strength concrete (HSC) (blue and green
line) as well as according to the draft of the DAfStb guideline [31] for ultra-high
performance concrete (UHPFRC) (red line).
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the corners of the joint profiling (see Figs. 18 and 19), were not taken
into account, so that these effects could cancel out the slightly higher
multi-axial concrete tensile strength and thus joint failure under fatigue
loading cannot be excluded. In addition, it must be taken into account
that the fatigue tensile strength of concrete fuqp (Eq. (3)) is a very
progressive value — according to the authors — and that f s may be
much lower than the value used here. In the case of the S-UHPFRC-2
variant, this must also be considered critical with respect to the mini-
mum stress 7. i, (81%) as well as the stress range Az, (81%), as these are
very close to the value of the fatigue tensile strength of concrete f.4 f. In
contrast, the minimum stresses 7. ,;, of the variants S-NSC, S-HSC and
S-UHPFRC-1 reach only about 50% to 75% of the value of the fatigue
tensile strength of concrete f.q, and the stress ranges Az, remain at a
very low level (< 1.0 N/mm? or maximum 17% of the fatigue tensile
strength of concrete), so that fatigue failure can probably be excluded for
these variants.

5. Conclusions and outlook

In order to meet the need for replacement of the many defective
reinforced and prestressed concrete bridges in the future with sustain-
able, resource-efficient and material-appropriate alternatives, UHPFRC
segmental bridge construction offers a very promising approach. How-
ever, due to the slenderness of these thin-walled structures and the
associated lower loads from dead weight, live loads could gain influence
in terms of fatigue loads. In order to investigate this issue in more detail,
relevant findings from the literature were researched and analyzed.
Furthermore, FE calculations were carried out on segmental bridges
with box girder cross-section under variation of concrete strength (NSC,
HSC and UHPFRC), where the cross-section dimensions were optimized
and the fatigue loading was evaluated. Based on the investigations, the
following conclusions could be drawn:

1. By using higher concrete strengths, the required construction mate-
rials and thus the dead weight of the bridges can be drastically
reduced. If UHPFRC is used instead of NSC, savings of up to 65% for
concrete, up to 63% for reinforcement steel and up to 8% for pre-
stressing steel can be achieved (bridge S-UHPFRC-2 compared to
bridge M-NSC).

2. The evaluation of the ratio of the live loads (LL) to the total loads
(TL) showed that the proportion of the live loads in the M-NSC, S-
NSC, S-HSC and S-UHPFRC-1 bridge variants is approx. 30% of the
total loads, whereas in the material-optimised S-UHPFRC-2 bridge
variant it accounts for almost 50% of the total loads and therefore
higher fatigue loads should tend to occur in this variant.

3. For the conventional bridge variants M-NSC and S-NSC made of
normal strength concrete, the related maximum stresses 6¢ max/fed fat
and 7cmax/fodfa, the related minimum stresses ocmax/fea e and
Te min/fed far, @nd the stress ranges Ao /feafa and At /fuasa are in a
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non-critical range. This finding is analogous to previous reinforced
concrete and prestressed concrete bridges, where fatigue loading is
rarely a problem with respect to the concrete, especially since a
compact design means that the cyclic live loads are relatively low
compared to the static dead loads.

4. The bridge variants S-HSC and S-UHPFRC-1 made of (ulta-) high-
performance concretes did not exhibit increased fatigue loading
despite the thin-walled cross-sections, as the concrete was not fully
used in these variants and the live loads amounted to around 30% of
the total loads.

5. However, in the thin-walled bridge variant S-UHPFRC-2, in which
the strength and durability of the UHPFRC was consistently used,
increased fatigue stresses occurred. Compared to the monolithic
reference bridge M-NSC, an increase of the related maximum stress
Ocmax/fedfa Dy a factor of 1.4, of the related minimum stress
Oc min/fed fae Dy @ factor of 1.3, and of the related stress range Ao /fea fut
by a factor of 1.6 was observed for the S-UHPFRC-2 variant in the
compressive stresses. The shear stresses also show an enormous in-
crease with factors of 1.8 for the related maximum stress ¢ max /fetd fat>
1.1 for the related minimum stress 7 min /fotd far, and 4.8 for the related
stress range At /fed fat-

Based on the results obtained, it can be concluded that fatigue
problems of the concrete under compression or shear loading can occur
in material-optimized and thus thin-walled UHPFRC segmental bridges,
similar to thin-walled segmental concrete towers of hybrid wind tur-
bines. In particular, the shear resistance of the keyed dry joints to fatigue
loading should be investigated in more detail, since, on the one hand,
the failure of the keyed dry joints (under monotonically increasing load)
is directly dependent on the concrete tensile strength and, on the other
hand, design-related effects, such as notch stresses occurring at the
corners of the joint profiling, could lead to a reduction in the load-
bearing capacity under fatigue loading and thus to premature failure
of the keyed dry joints. Initial investigations into this were recently
carried out at the Institute of Concrete Construction at Leibniz Univer-
sity Hannover.
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