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Abstract

Under-deck cable-stayed bridges are innovative bridge schemes that can lead
to lightweight and highly efficient construction. However, the design of slen-
der bridges may be governed by the vibrations under traffic live loads. After a
historical review of bridges with under-deck cable-staying systems and the con-
sequent research, the dynamic response of medium- and short-span bridges is
analysed. Eccentric traffic loads are shown to increase accelerations consider-
ably, and the second vertical mode is found to be the main contributor to the
response. A parametric study shows the strong influence of resonance effects
in the maximum accelerations registered on the deck. In addition, under-deck
cable-staying systems are found to be more appropriate for medium-span than
for short-span bridges from the dynamic viewpoint. Moreover, for medium spans,
much more slender decks can be achieved compared with conventional bridges
without cable-staying systems. Finally, some design criteria are provided that may

be useful for structural designers.

Keywords: bridges; cable-supported; under-deck cable-stayed bridges; innovative
structural systems; dynamic; moving loads.

Introduction

Under-Deck Cable-Stayed Bridges:
Examples, Historical Precedents
and Research

Under-deck  cable-stayed  bridges
(UDCSBs) define an innovative bridge
typology in which the stay cables fol-
low non-conventional layouts in com-
parison with those of conventional
cable-stayed bridges,' the stays being
located underneath the deck.”> The
pre-tensioned stays, which are self-
anchored to the deck, provide elastic
supports to the deck by means of the
struts, reducing, in turn, the bending
moments acting on the bridge.

In the following section, a histori-
cal review of UDCSBs with different
deck typologies (e.g. prestressed con-
crete, steel —concrete composite, steel)
is completed. Even though the so-
called UDCSBs have been built since
the 1970s, a very similar structural
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configuration, the under-deck suspen-
sion bridge, dates back to the nine-
teenth century. In these bridges, in
which the cables are not actively pre-
tensioned, the suspension cables are
usually anchored to the abutments,
whereas the stay cables are pre-
stressed and self-anchored to the deck
in UDCSBs. However, when cables are
self-anchored and very slender decks
are employed, the behaviour of under-
deck suspension bridges is very similar
to that of UDCSBs. Some examples
of suspension bridges with under-
deck cables include the Almond River
Bridge in Scotland by R. Stevenson,
built in 1821% the Bergues Bridge in
France, built in 18347°; the Bel-Air
Bridge at la Coulouvreniere, built in
1837°; the Potomac River crossing in
Maryland, built in 1856 by Wendel
Bollman*; the proposal for a viaduct for
Blackwell’s Island Bridge in 1869 by
Thomas C. Clarke’; the Oak Ridge via-
duct proposed by Charles Macdonald®;
a railroad viaduct built at Biesenbach,
Germany’; the Karstelenbach Bridge
in Amsteg, Switzerland,’ that was built
in 1882 and stiffened in 1908; and the
Varrugas Bridge in Peru.® In that cen-
tury, Fink trusses also became popular
for the purpose of resisting the heavy
loads in railway bridges.’
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The prestressing technique, which
was introduced in the 20th century,
allowed for the prestressing of the
cables to control the behaviour of
cable-supported bridges. As a result,
under-deck suspension bridges were
constructed by employing prestressed
concrete elements, in which the cables
were embedded in concrete, as tensile
elements, such as the Rio Colorado
Bridge in Costa Rica in 1972 designed
by T.Y. Lin,'” and the Breno bridge, the
bridge over Capriasca River, and the
bridge over Tessina River designed by
A.Muttoni.!! Fritz Leonhardt designed
the first UDCSB with bare stay cables:
the Weitingen viaduct over the Neckar
Riverin Germany,which was completed
in 1978.12 In this viaduct, the initially
proposed lateral piers were replaced
by under-deck cable-staying systems
that introduced vertical forces into the
deck. Since then, several UDCSBs have
been designed and built, most of which
are discussed in Ref. [13]. Moreover,
this bridge typology has been adopted
by many well-known engineers world-
wide, such as Jorg Schlaich in the initial
proposal for the Kirchheim overpass,'*
Michel Virlogeux in the Truc de la
Fare overpass,” Javier Manterola
in the Osormort viaduct,'® Leslie E.
Robertson in the Miho Museum foot-
bridge,!” and Jean Marie Cremer in the
Jumet footbridge.'® The construction in
1991 of the first combined cable-stayed
bridge (CCSB)—the Obere Argen via-
duct—designed by Jorg Schlaich is also
remarkable.'” In CCSBs, the stays are
located both over and under the deck,
as a result of the combination of con-
ventional and under-deck cable-stayed
bridges.

Since the publication of Ref. [13] in
2010, new UDCSBs have been built,
and some of the bridges identified by
the authors are included in Table I.
In addition, under-deck cable-stayed
systems have been used widely in
many other applications, such as stiff-
ening beams,?’ roof structures,? pipe-
line crossings®?> and self-launching
gantries.”
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Bridge Country Reference
Footbridge over Mur River in Graz Austria [24]
Thuin bridge Belgium [25]
Ganmon bridge Japan [26]
Seiun highway bridge Japan [26]
Seishun bridge Japan [26]
San Miguelito footbridge (Fig. 1a) Mexico [27]
Okuno bridge (Fig. 1b) Japan [28]
Boukei bridge Japan [29]
Compiégne bridge France [30]
Private glass footbridge near Nice France [31]
Proposal for Johnson Creek bridge USA [8]
Awa Shirasagi Ohashi bridge (CCSB) Japan [32]

Table 1: Recently designed bridges with under-deck and combined cable-staying systems

Regarding the research carried out
on bridges and beams with under-
deck cable-staying systems, a thorough
review of the literature was conducted
in Ref. [2], where the research works
covered were laboratory tests on
beams, with analyses and paramet-
ric studies of the structural response.
An in-depth analysis of the param-
eters governing the response of both
UDCSBs and CCSBs was performed
in Ref. [33], and efficient configurations
for decks with post-tensioned concrete
slabs were proposed in Refs. [34,35] by
employing under-deck and combined
cable-staying systems. Recently, in Ref.
[36], further analyses were performed
on UDCSBs employing a double-
level structural system, which approxi-
mates to Fink truss configurations. The
response of UDCSBs under acciden-
tal events has also been studied.’’-*
Finally, different configurations for
CCSBs have been analysed in Ref. [39].

Structural Behaviour

The response of UDCSBs under dead
load is controlled by the dead load

(a)

compensation level p: the portion of
the dead load that is com}pensated by
the cable-staying system.” The com-
pensation p is calculated as the ratio
between the vertical permanent load
introduced by the struts into the deck
and the vertical reaction found on a
continuous deck with rigid supports
in the strut—deck connection sections
(see Fig. 2a). In UDCSBs with con-
crete decks, compensation levels of
100% are appropriate to adopt,>* while
steel and composite decks may accept
higher values because of the lack of,
or negligible (for this purpose), creep
effects, respectively. The span subdi-
vision concept can be derived from
the compensation p. In a two-strut
UDCSB, if a compensation of 100%
of the dead load is achieved, the effec-
tive span of the bridge is reduced to 1/3
and, hence, bending moments under
dead load to 1/9, in effect, the effective
span is divided into three subspans.

The response under live load is gov-
erned by the efficiency of the cable-
staying system &, which can be defined
as the ratio between the moment

resisted by the cable-staying system
(i.e. the couple formed by the tension
in the cables and the compression on
the deck) and the bending moment
that would exist on the deck without
the cable-staying system (qL?/8),*
(see Fig. 2b). The efficiency & depends
on the relative flexural stiffness of the
deck to the cable-staying system, as
well as on the support conditions and
types of loads applied on the bridge.
The flexural stiffness of the cable-
staying system is proportional to the
cross-sectional area and eccentric-
ity of the stay cables. The higher the
relative flexural stiffness of the cable-
staying system, the higher its effi-
ciency £ and consequently, the lower
the bending moments because of the
live load in the deck. In medium-span
UDCSBs with post-tensioned concrete
decks, efficiency values of 0.90 can be
reached,* that is the cable-staying sys-
tem resists 90% of the live load, while
the other 10% is resisted by means of
the bending of the deck. Owing to the
much lower efficiency of under-deck
cable-staying systems in continuous
bridges, UDCSBs are appropriate for
simply supported schemes.®

UDCSBs with prestressed concrete
decks present several advantages com-
pared with conventional bridges with-
out stay cables for medium spans: (a)
a higher structural efficiency by reduc-
ing the flexural demand on the deck
and enhancing the axial response; (b)
a significantly higher deck slenderness;
(c) reduction of the amount of materi-
als needed, allowing for a more sustain-
able construction as a consequence;
(d) multiple construction possibilities;
and (e) arguably, strong aesthetic char-
acteristics. In fact, several international
design prizes have been awarded to
examples of this bridge typology. In

Fig. 1: Two recent examples of under-deck cable-stayed bridges with composite decks: (a) San Miguelito creek footbridge in Querétaro

(Mexico) and (b) Okuno bridge in Japan
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Fig. 2: Static response of UDCSBs under (a) dead load, in which a compensation level p of 100% produces a deviation force F in the
stay cables (which are under a tension force T), whose vertical component is equal to the vertical reaction R found on a continuous beam
over rigid supports (bending moment diagrams are plotted); the horizontal component of this force F introduces an additional axial
force into the deck; (b) live load, in which the load is resisted by means of the flexural response within the deck (i.e. bending moment M
and shear force S) and the axial response of the cable-staying system (i.e. a couple formed by the tension force within the stays T

and the compression force within the deck C)

medium-span UDCSBs with pre-
stressed concrete decks, depths of
1/80 of the total span can be achieved,
reducing the self-weight to 30% as a
consequence. Hence, UDCSBs are an
entirely appropriate solution when
there is sufficient clearance to fit the
stay cables.

Steel-Concrete Composite Decks

Steel—concrete  composite  decks
seem prima facie to be appropriate
for UDCSBs, because the deck flex-
ibility enhances the axial response of
the cable-staying system. Furthermore,
apart from being lightweight solutions
with high durability (pre-compressed
concrete slab, careful execution of
details, facility for inspections and inter-
vention), composite decks allow for a
high proportion of prefabrication with
its obvious advantages: quality, preci-
sion, safety and construction speed.**4!

However, when slender decks are
designed, vibrations caused by live
load may begin to be perceptible by
the bridge users, and the serviceability
limit states (SLS) may become criti-
cal. In fact, in medium-span UDCSBs
with post-tensioned concrete decks,
the SLS of vibrations under traffic live
load determines the maximum slen-
derness of the deck.*** Furthermore,
lower self-weight to live load ratios*
of composite decks suggest that the
comfort criterion could be one of the
governing limit states. In this study,
the characterization of the dynamic
behaviour of road UDCSBs under the
action of traffic moving loads was per-
formed. This is a necessary step to gain
a sound understanding of the dynamic
response of UDCSBs with compos-
ite decks, before assessing the vibra-
tions by employing moving vehicles
(i.e. by introducing into the model
the vehicle—structure interaction,
pavement roughness, etc.).43
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Fig. 3: Geometry and mechanical properties of

Structural Model

Single-span simply supported road
bridges were studied in this work.
Initially, an 80 m span was analysed,
which is characteristic of the medium-
span range and can be compared with
previous studies** Subsequently, the
influence of the span length was also
investigated by means of a bridge
with a shorter span of 40 m. Owing
to the efficient structural behaviour,
UDCSBs with two struts and a stay
eccentricity of 10% of the total span
were employed. With this configura-
tion, the deck was effectively divided
into three equal subspans (Fig. 3). A
composite deck formed by two longi-
tudinal steel I-beams and a reinforced
concrete deck was considered. The
cable-staying system was formed by six
stays, which were divided into two fam-
ilies. Both families were located next to
each other in the central subspan, and
forked at lateral subspans, to provide a
higher torsional stiffness to the deck*
as well as to facilitate the anchorage to
the deck. As a consequence, each family
was anchored into one I-beam at the
support sections, the resultant of the
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Stays  : E =195 GPa, 7= 7.850kg/m®

I-beams : E =210 GPa, 7= 7.850 kg/m®
Concrete: E = 30 GPa, 7= 2.500 kg/m®

the 80 m UDCSB considered in this work

axial forces in the stays being applied
at the level of the centroid of the full
composite section to avoid the intro-
duction of moments in these sections.
Each stay comprised 31 strands of 150
mm? each. Struts bisected the angle of
the polygonal layout of the stay cables
and were pinned to the deck. Hence,
the struts were subjected only to axial
loads and the introduction of concen-
trated bending moments into the deck
was avoided. Furthermore, each of the
two struts was formed by two com-
pression members that allowed for the
support of both I-beams. Design calcu-
lations by considering only static analy-
ses led to a deck depth to span ratio of
1/76.%

A three-dimensional linear elas-
tic finite element (FE) model was
employed to simulate the dynamic
response of the UDCSB. A well-estab-
lished commercial FE package*® was
used for this purpose. The load value,
which represented a fully loaded truck
often employed in loading tests, was
considered to be 400 kN,*’ which is con-
sistent with current traffic conditions
on European roads.*® The moving load
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F was represented as a summation of
multiple surface loads that changed in
time with a piecewise linear function:

F(1)= 38 (.0 (M

where n, &, At and g; were the num-
ber of surfaces considered (equal to
the span of the bridge in metres in this
work), the time-dependent piecewise
linear function associated with each
surface (Fig. 4), the time that the load
needed to move from one surface to
the one adjacent, and the surface load,
respectively. Hence, the moving speed
of the load could be varied by adjust-
ing the value of At. Moreover, the total
load applied on the deck was constant
in time while the load was over the
deck, which modelled the effect of a
moving load properly.

The modal superposition method
was employed to assess the dynamic
response of the bridge under moving
loads. A parametric analysis suggested
that 10 modes could provide satisfac-
tory results, given that modes with a
high frequency were not of interest in
this work. Apart from the self-weight
of the structural elements, an addi-
tional load of 43.11 kN/m was consid-
ered that accounted for the weight of
non-structural elements such as the
pavement and the parapets. The struc-
tural damping ratio was assumed to
be equal to 1%. The effect of the stiff-
ness modification of pre-tensioned ele-
ments was also considered. This effect
decreased (less than 5%) the flexural
mode frequencies slightly because the
deck was subjected to compression
loads.

Amplitude

5 oS [

At A ] 1
82 ----------------
At
53 /\ [ 1

5, AN
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Fig. 4: Time-dependent piecewise linear
function & associated with each surface
load

V1

Initially, when measuring accelerations,
maximum accelerations were taken
into account, as the peak values of the
accelerograms obtained at different
points of the deck. Other acceleration
values different from the peaks were
also considered. The FE model was val-
idated with previous studies,** leading
to very similar acceleration values and
distributions along the deck.

Dynamic Response of Medium
Spans

Modal Analysis

Initially, the vibration modes and
the corresponding frequencies were
obtained by solving the linear eigen-
value problem. For simplicity, the
modal shape of each mode was denoted
by aletter (“V” for vertical, “T” for tor-
sional and “L” for lateral) followed by
a number that referred to the number
of half-waves found on that particular
mode (Fig. 5 and Table 2).

For the particular bridge configura-
tion studied herein, the natural mode
(i.e. the lowest frequency mode) was
observed to be V2. The mode V1
implies principally the axial deforma-
tions of both the stay cables and the
deck, and because of the large axial
stiffness of the stays in comparison
with the flexural stiffness of the deck,
the second flexural mode V2 becomes
the natural mode. A similar effect is
also observed in some stress ribbon
structures® and arch bridges. Since both
vertical and torsional mode frequen-
cies were in close proximity, torsional
modes are predicted to participate in
the dynamic response.

Load Eccentricity

Accelerations were measured for two
load cases: concentric and eccentric
loads. While concentric load cases,
which are loads that are applied with
no eccentricity to the cross-section
of the deck, do not excite torsional
modes, eccentric loads certainly do so,
and hence accelerations may be higher.
For the concentric load case, accelera-
tions were measured in the centre of
the cross-section of the deck since the
maximum differences between the
accelerations at different points of

Fig. 5: First three vertical (V) and torsional (T) modal shapes
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the cross-section were less than 5%.
However, for the eccentric load case,
in which the load was applied with a
2.0 m eccentricity, the centre and both
edges were considered since the maxi-
mum accelerations were usually regis-
tered at the edge of the cross-section
where the load was applied.

Figure 6a shows the maximum vertical
acceleration envelope for the previously
mentioned two load cases, in which
the load travels at a speed of 80 km/h
along the deck. The first observation is
the lack of symmetry of the accelera-
tion envelope. This effect is due to the
different time history records that are
registered at any two symmetric points.
Both envelopes show two relative max-
imum accelerations, none of them being
located at mid-span, which would be
expected in a simply supported beam.
Maximum accelerations are located
at lateral subspans in both load cases.
While for the concentric load case, the
maximum acceleration (0.62 m/s?) is
registered in the first subspan (in rela-
tion to the movement of the load), for
the eccentric load case, the maximum
acceleration (0.89 m/s?) is found in the
third subspan. As a consequence, the
eccentric load produces a maximum
acceleration that is 43.5% higher.

Parametric Analysis

In this section, a parametric analysis is
performed, in which the speed of the
load and the depth of the I-beams (d)
are varied. Load speeds vary from 60
to 80 km/h in increments of 5 km/h,
while d values vary from 675 to 1350
mm in increments of 75 mm.

Modal frequencies are modified when
the d parameter is varied (see Fig. 6b).
Since the stiffness of the system is
raised by increasing d, the frequencies
also increase. However, the frequen-
cies of modes V2 and V3 increase at a
higher rate than frequencies of other
modes such as V1 and T1, and hence d
does not affect all the modes equally.
As a result, while the natural mode
is V2 for the lowest values of d, if the
deck is sufficiently stiff, V1 becomes
the natural mode.

Figure 7a shows the maximum accel-
eration registered at any point of the
deck for each speed-d combination for

Structural Engineering International 2/2015



Mode | Frequency (Hz) Modal shape | Mode | Frequency (Hz) | Modal shape
1 0.794 V2 6 2.048 L1+T3
2 0.986 A%t 7 2.552 T3
3 1.040 T1 8 3.055 V4
4 1.731 T2 9 3.560 T4
5 1.756 V3 10 4.617 V5

Table 2: First 10 vibration modes and the corresponding frequencies and modal shapes
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Fig. 7: (a) Maximum acceleration envelope for the eccentric load case. (b) Frequency do-
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a load speed of 80 km/h and d = 675 mm

the eccentric load case. These maxi-
mum accelerations define an envelope
surface that is not planar and presents
some clear waves, higher accelerations
being located in the “peaks” of these
waves, and lower accelerations in the
“valleys”. Therefore, it can be seen that
there are certain load speed and d com-
binations that cause higher accelera-
tions, while other combinations cause
lower accelerations. Consequently, the
dynamic response does not vary lin-
early: for a given load speed, higher d
values do not necessarily involve lower
accelerations. Moreover, for a given d
value, higher load speeds do not nec-
essarily involve higher accelerations.
The response is therefore governed by
resonance effects, in which for a given
bridge geometry (i.e. d value), certain
load speeds tend to amplify accelera-
tions (“amplification speeds”), while
otherloadspeedstend todecrease them
(“cancellation speeds”). Maximum

accelerations are registered on the
edge (closer to the lane where the load
is applied) at the middle section of
the last subspan for the eccentric load
case. Moreover, in most cases, these
maximum accelerations are recorded
just after the load leaves the deck. The
influence of other parameters, differ-
ent from the I-beams’ depth d, on the
dynamic response of this bridge type
has subsequently been investigated in
Ref [49].

Frequency Domain

With the aim of studying the rela-
tive contribution of different modes
to the dynamic response, the fre-
quency domain record of the bridge
was obtained by means of the fast
Fourier transform. Since the minimum
frequency obtained by this method
depends on the inverse of the sample
length,>® accelerograms of 30 s were
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considered, by including both the dura-
tion that the load was on the bridge
and a free-vibration damping period.

The frequency domain response
shows that the second vertical V2
is the mode that contributes most
to the response. In those accelera-
tions located in the “peaks” of the
waves, the relative contribution of
V2 is much higher than those of
other modes, even though V2 is not
the fundamental mode (see Fig. 7b).
Nonetheless, the relative contribu-
tion of V2 decreases significantly for
those speed-d combinations located
in the “valleys” of the waves. Hence,
maximum accelerations are governed
by the excitation of V2. In fact, the
shape of the envelope of maximum
accelerations along the deck is con-
sistent with this finding, since maxi-
mum accelerations are located close
to the sections where the contribu-
tion of V2 is maximum (see Fig. 6a).
The additional contribution of other
modes such as V3 may move the loca-
tion of the maximum acceleration sec-
tion slightly, such that it is not located
exactly at a quarter of the span. The
relative dominance of V2 in “peak”
values decreases with d. This analysis
also shows that the contribution of
modes higher than V4 and T4 can be
considered to be negligible in the con-
text of the work presented here.

Finally, when comparing the maximum
acceleration along the deck and the
maximum acceleration at mid-span, it
is observed that the difference between
both values is larger for those speed-d
combinations located in the “ampli-
fied” accelerations (i.e. those located
in the “peaks” of the waves) than the
difference for combinations located in
“cancelled” accelerations. In the first
case, maximum accelerations can be
120% greater than those at mid-span,
as opposed to a maximum of 40% in
the second case. Therefore, the varia-
tion in the shape of the envelope of
maximum accelerations along the deck
(see Fig. 6a), confirms the strong influ-
ence of mode V2 on the response.

Dynamic Response of UDCSB
with Short Spans

As in the case of the medium-span
UDCSB, the dynamic response of a
40 m bridge was analysed to study the
competitiveness of this bridge type
for the short-span range. The span
was subdivided into three equal sub-
spans of 13.33 m each, and the cable
staying system was provided with 4 m
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of eccentricity (i.e. 10% of the total
span). The number of stay cables was
also six, but each cable was formed
by 19 strands of 150 mm? each. The
width of the deck remained equal, as
well as the thickness of the reinforced
concrete slab. However, the cross-sec-
tion of the I-beams was modified, the
new dimensions being (after perform-
ing exclusively static analyses to sat-
isfy the corresponding ultimate limit
states) a total height of 375 mm, ini-
tially, with a web thickness of 7.5 mm;
a 400 mm wide and 12 mm thick upper
flange; and a 640 mm wide and 20 mm
thick lower flange. For this short span
UDCSSB, the height of the I-beams was
modified in order to study the influ-
ence of this parameter on the response.

The analysis of modal frequencies
shows the same tendencies as in
medium-span UDCSBs, the frequen-
cies increasing with d, but at a different
rate depending on the mode. However,
the absolute values of these frequen-
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cies are almost doubled in compari-
son with the 80 m span (for the same
I-beam depth d to span ratio values).
Eccentric loads also increase the maxi-
mum accelerations along the deck sub-
stantially. Nevertheless, the absolute
acceleration values are considerably
higher than for the 80 m span bridge.
In fact, the peak acceleration for a 40
m span UDCSB (with d = 375 mm) for
the eccentric load case moving at 80
km/h is 2.63 m/s%, which is almost three
times higher than that for a 80 m span
bridge (with d = 750 mm).

Figure 8a shows the envelope of maxi-
mum accelerations for different d and
load speed values. The existence of
waves with “peak” and “valley” values
is also obvious. A frequency domain
analysis shows the dominance of the
V2 mode in those speed-d combina-
tions located in the “peaks”, even
when V2 is not the natural mode (see
Fig. 8b). However, the relative contri-
bution of mode V2 in comparison with
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Fig. 8: Dynamic response of the 40 m span UDCSB: (a) maximum acceleration envelope
for the eccentric load case; (b) frequency domain response of the accelerations at the edge
of the middle section of the last subspan for a load speed of 75 km/h and d = 375 mm

the rest of the modes decreases in the
“valleys”.

Design Criteria

Codes and standards usually sug-
gest a deflection control method to
satisfy the comfort criteria of bridge
users. This approach can be valid for
some conventional bridges, but not for
non-conventional bridge typologies.*!
Figure 9a shows a comparison of the
verification of the SLS of vibrations
through deflection-based and accel-
eration-based approaches for several
UDCSB configurations in which the
span and d are varied. The frequent
load combination is employed for the
deflection control,*’*? together with
the following limits: /1000 exclusively
for road bridges, and L/1200 for road
bridges provided with footways.*’
Moreover, the live load corresponding
to the heaviest virtual lane defined by
the Eurocode is applied with eccentric-
ity to induce further torsional defor-
mations, with the aim of comparing the
results with those of the eccentric load
case. Finally, the deflection limitations
are calculated in two different ways:
(a) by obtaining the ratio between the
deflection at mid-span and the entire
span of the bridge; and (b) by obtaining
the ratio between the relative deflec-
tion of the central subspan (i.e. by sub-
stracting the deck—strut connection
section deflection to the mid-span
deflection ratio) and the length of the
central subspan. The results clearly
show a lack of affinity between the
deflection- and acceleration-based
methods, in which the former provides
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Fig. 9: (a) Comparison of the deflection- and acceleration-based methods to assess the SLS of vibrations (“80” refers to 80 m span
UDCSBs; ”40”to 40 m span UDCSBs; “R” to exclusively road bridges; “P” to road bridges with pedestrian footways; “concentric” to the
concentric load case; “eccentric” to the eccentric load case; “span” to the deflection-based approach that considers the entire span length;
and “subspan’ to the deflection-based approach that only considers a subspan length). (b) Accelerogram of a 40 m span UDCSB at the
mid-point of the last subspan (d = 375 mm) with the load moving eccentrically at 80 km/h, with peak and rms values for different sample
lengths (Curve 1 and Curve 6 represent the limits proposed in Ref. [53-54])
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conservative results, leading to over-
design, in some bridge configurations,
and unsafe results, leading to under-
design, in some others. The shorter
the span, the less conservative the
deflection-based approach is. Hence,
accelerations on the deck have to be
analysed if the SLS of vibrations needs
to be studied, as deflections are not
correlated with them.

Considering the peak acceleration of
the accelerogram, it can be argued,
does not provide a representative
result of the dynamic response of the
bridge, and a statistical tool that con-
siders the accelerogram during a cer-
tain period of time can be used: the
root mean square (rms). The rms is
calculated as:

rms = \/i]%[f(x)]z dx

2 1’1

)

where f(x) is the continuous function
under analysis (i.e. the accelerogram
in this case), and ¢; and ¢, are the time
intervals in which the rms is being cal-
culated. Two different limits for rms
acccelerations for bridges were pro-
posed in Ref. [53-54]: Curve 1 for fre-
quent events and Curve 6 for storm
conditions. These limits are plotted in
the accelerogram of Fig. 9b together
with the peak and rms values for dif-
ferent time lengths. The high influence
of the length of the interval (i.e. t, — t;)
in the rms value is observed, the rms
acceleration being lower when increas-
ing the interval length. In general, if the
same time length is considered, the rms
value has been viewed to be propor-
tional to the peak acceleration for dif-
ferent UDCSB configurations. Hence,
for the purpose of this paper, the peak
accelerations were considered to assess
the SLS of vibrations in UDCSBs
because of the disparity between cri-
teria and the lack of definition of the
time length to be considered.

Owing to the subjectivity of the com-
fort phenomenon, codes and standards
do not provide a commonly agreed
criterion. When checking the comfort
of pedestrians in road bridges pro-
vided with footwasys, the limits given
by the Eurocode™ and the British
Standards™ are considered: 0.7 m/s’
and O.S\FO m/s’, respectively, where f;
is the natural frequency of the bridge
in Hz. On the other hand, when check-
ing the comfort of vehicle occupants in
road bridges (and because of the lack
of a specific criterion), the limit given
by the Eurocode for railway vehicle
users is employed: 1 m/s> for a very
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Fig. 10: Maximum accelerations registered on the deck for different d values, and the limit
provided by different codes for (a) an 80 m span UDCSB, and (b) a 40 m span UDCSB.
The speed range considered is 60 to 80 km/h with increments of 5 km/h

80 m 40 m
Concentric Eccentric Concentric Eccentric
With pedestrians | EN 1990 1/78 1/53 1/30 1/20
BS 5400 1/61 1/44 1/30 1/20
No pedestrians | EN 1990 1/86 1/62 1/36 1/22

Table 3: Maximum slenderness of the deck (deck depth to span ratios) to satisfy the SLS
of vibrations under different conditions (“With pedestrians” refers to road bridges with
footways, while “No pedestrians” refers to road bridges with only vehicle users)

good comfort level.’> Maximum peak

accelerations are compared with these
limits in Fig. 10 for both 40 and 80 m
spans. Maximum slenderness values
for the deck are presented in Table 3,
in which the deck depths are obtained
by adding the concrete slab thickness
to the d value that satisfies the limits
plotted in Fig. 10.The results show that
the eccentricity of the vehicle penalises
the maximum slenderness of the deck
considerably.

In medium-span UDCSBs, slender
decks can be adopted instead of con-
ventional composite bridges with-
out cable-staying systems. While
the latter usually require depth to
span ratios between 1/18 and 1/20,
UDCSBs allow for slendernesses of
1/53 for road bridges provided with
footways and 1/62 for road bridges
without footways. With these depth-
to-span ratios, UDCSBs present
efficiencies & of 74 and 78%, respec-
tively, under a uniformly distributed
load along the entire span. However,
for shorter spans, slender decks can-
not be achieved because of the high
accelerations registered under mov-
ing loads. If the eccentric load case
is considered, depth to span ratios of
1/22 and 1/20 need to be provided for
road bridges without footways and
for those with footways, respectively.
These slenderness values are similar to
those conventionally used for bridges
without cable-staying systems. As a
result, relatively low efficiencies & of

Structural Engineering International 2/2015

58 and 54% are obtained, respectively.
Hence, UDCSBs are more appropri-
ate for medium-span bridges than for
short-span bridges from the dynamic
viewpoint. In short-span UDCSBs, the
employment of dampers would be nec-
essary to satisfy the comfort criteria of
bridge users without compromising
the efficiency and deck slenderness.

Conclusions

UDCSBs are efficient bridge configu-
rations that lead to lightweight con-
struction. However, when employed
for road bridges, the dynamic response
under moving loads must be studied
to assess the comfort of bridge users.
Based on the analyses of the dynamics
of UDCSBs and the results obtained,
the main conclusions of this paper are
as follows:

e The traditional deflection control
method proposed by some codes
is shown not to be valid to assess
the SLS of vibrations of unconven-
tional bridge typologies, and the
direct measurement of accelerations
becomes necessary.

e Higher speeds do not necessar-
ily cause higher accelerations, and
hence the whole vehicle speed range
must be considered when assessing
the SLS of vibrations of UDCSBs.

e Eccentric loads considerably
increase maximum accelerations on
the deck, so they should be taken
into account in the design process.
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e The dynamic response of UDCSBs
is governed by amplification speeds
that amplify accelerations for cer-
tain load speed and geometry
combinations.

e Maximum accelerations are regis-
tered in the lateral subspans rather
than at mid-span, as the second ver-
tical mode V2 is the principal mode
that participates in the response.

e The SLS of vibrations governs the
maximum slenderness of steel—
concrete composite UDCSB decks
when designed for road construction.

e For medium-span bridges with
under-deck cable-staying systems,
higher deck slenderness can be
obtained as compared to conven-
tional composite bridges without
stays: double for road bridges with
footways and three times for those
without footways.

e Under-deck cable-staying systems
are more appropriate for medium
spans than for short spans because of
the high accelerations registered on
the deck in shorter spans.
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