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Abstract

This paper reports a parametric study on the influence of the serviceability limit state design
requirements on the material consumption and self-weight of web-core sandwich panel FRP
composite footbridges. It describes the initial design process of a typical FRP web-core sandwich
panel footbridge, focussing on the relevance of the various design checks on the overall material
consumption at a given slenderness. It is clear that over a wide range of input parameters, only
the SLS requirements are relevant for the design of this bridge type. Consequently, the final
material consumption and achievable slenderness strongly depend on the code requirements.
These requirements are non-uniform over various international codes, but are shown to have a
huge influence on the material consumption. The final results heavily depend on the input value
of the damping factor. In addition, human induced damping is not included in current design
procedures, which may lead to a significant underestimation of the effective damping and
consequently to over-design. The results contribute to understanding the mechanical behaviour
of this promising bridge type, point to the relevance of the choice of SLS requirements in codes
and to the lack of fully understanding the vibrational behaviour currently adopted in calculation
models.
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1 Introduction

Fibre reinforced polymers (FRP) or fibre polymer composites (FPC) show important potential for
bridge construction [1-9]. For example, they are relatively stronger and lighter than classical
building materials such as concrete and steel [10-12], they are more durable than timber and
require less maintenance. Especially when looking at footbridges [13,14], this type of material can
offer an added value. In the context of the greening of the mobility [15,16], these bridges will make
up a much more important part of the public infrastructure in the future. However, the material
also offers important advantages for road bridges for light and moderate traffic [17], for bridge
decks [18-21], and for replacement and extension orders of existing bridges, such as the reuse of
existing foundations and abutments and the limited installation time [22].

For bridges, typically synthetic thermoset polymers such as polyester will be used, as these have
a low cost price, high durability and good stability in terms of creep [23]. Epoxy is only used when
the mechanical properties of the structure are of great importance and when using fibres with
high stiffnesses such as carbon fibres. For the reinforcement, unidirectional (UD) glass fibre
fabrics are mainly used as they have a low cost price, high durability and offer the best stiffness
properties in comparison to woven fabrics [24-26].

A significant portion of current FRP footbridges are so-called web-core sandwich panel bridges.
In this bridge type, a flexurally rigid structural element is created through a sandwich
construction comprising upper and lower FRP laminate flanges separated by a core material (e.g.
PUR foam) [20,21]. However, due to the nature of the bridge application, the core material cannot
resist all shear forces and concentrated local pressure forces and therefore requires to be
complemented with longitudinal and in some cases transverse FRP webs, hence the denomination
web-core sandwich panels. For this bridge type, the VARTM technique is used.

At the time of publishing of this paper, no standard or guideline on a European level regarding the
design of FRP structures such as bridges is available, although a ‘Technical Specification’ [27]
which should eventually become a Eurocode is in development. Several European countries have
contributed to various guidelines for the design of FRP structures, such as EUROCOMP - Structural
Design of Polymer Composites [28], CIRIA - Fibre-reinforced polymer bridges - guidance for
designers [29] and BD90/05 - Design of FRP Bridges and Highway Structures [30]. In addition,



the Dutch guideline CUR96:2019 - Fibre-reinforced plastics in structural and civil engineering
supporting structures [31] provides the framework and calculation method for the constructional
design of load-bearing FRP structures and will be used as the basis for the calculation of the GFRP
web-core footbridge in this paper. The guideline applies to thermosetting FRPs with a fibre
volume percentage of at least 15%, consisting of either glass or carbon fibres in combination with
an unsaturated polyester, vinylester or epoxy resin.

Nevertheless, little publicly available information provides guidance into the relevant influential
factors in the design, especially the material consumption in relation to the overall dimensions,
the slenderness, the presence of non-structural elements (surfacing, hand railing), and the design
requirements.

In the first part of this paper, the theoretical background of the analytical calculation of a web-
core GFRP footbridge is presented after which a preliminary design example in a realistic situation
is given. Then, the results are discussed and a parametric study is presented, which proves that
the design is almost purely serviceability limit state (SLS) driven, and consequently strongly
depends on the code requirements. These requirements are non-uniform over various
international codes, tender documents and manufacturer’s recommendations. Most common is a
limit value for the live load deformations, ranging from span/350 to span/100, typically. Without
a doubt, the choice of this limit value has a significant impact on the achievable slenderness and
material consumption.

In addition, comfort criteria based on the guideline ‘Design of Lightweight Footbridges for Human
Induced Vibrations’ [32] may be imposed. In this guideline, a distinction is made between five
traffic classes and two calculation procedures are presented to calculate the maximum expected
vertical acceleration. In the SDOF Method, the dynamic behaviour of a structure can be evaluated
by a modal analysis, where an arbitrary oscillation of the structure is described by a linear
combination of several different harmonic oscillations in the natural frequencies of the structure.
Therefore, the structure can be transformed into several different equivalent spring mass
oscillators, each with a single degree of freedom (SDOF). In the Response Spectra Method, the
stochastic loading and system response is described with a specific confidence level of 95%. In
this model it is assumed that the mean step frequency of the pedestrian stream coincides with the
considered natural frequency of the bridge, the mass of the bridge is uniformly distributed, the
mode shapes are sinusoidal, no modal coupling exists and the structural behaviour is linear-
elastic. The system response, for different pedestrian densities, is the characteristic acceleration,
which is the 95th percentile of the maximum acceleration and is in the design check compared
with the tolerable acceleration according to the comfort class to be proofed [32].

Based on the outcome, the bridge is classified into one of four comfort classes. To complete the
calculation successfully, knowledge of the geometry, natural frequency, modal mass and damping
ratio of the bridge is required. As will be shown, especially the applicable damping ratio is decisive
for the material consumption. Unless damping values are based on testing, they should be taken
in the range of 0,5 to 1,0% [31,32]. It will be demonstrated that following the current design
method for vibrational comfort of footbridges, excessive material consumption combined with
low achievable slendernesses will be achieved, based on these conservative values.

Most probably, these results do not reflect the true behaviour of web-core sandwich panel bridges
as they profit from human induced damping [33-35]. However, as this is currently not
incorporated into international standards or guidelines, and no definitive calculation method is
available to take into account all effects, the authors of this paper cannot take human induced
damping into account, but wish to point out the consequences of an approach based on current
design guidelines on the material consumption and slenderness. As will be pointed out in the
parametric study, they are quite detrimental.

Finally, the main findings of the parametric study are presented in the conclusion section.



Figure 1 provides a graphical representation of the coherence of the various components in this
paper and will be used as a guide.
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Figure 1: Schematic representation of the content of this paper

2 Design model

In this design model, a simply supported and double-sided clamped GRFP web-core bridge will be
calculated. Basic input parameters, such as the length Ly, width By, and construction depth Hy of
the bridge, and fixed values defined by standards and guidelines (i.e. material properties, partial
factors and loads) will be used as starting points for the calculations and unity checks in ULS and
SLS.

2.1 Geometry

The GFRP web-core footbridge will be supported on both sides on the abutments of width Lsup,
from which the free span Lspan of the bridge can be calculated according to (1) as the distance
between the central points of the supports. Moreover, the width of the bridge deck will be reduced
on both sides by the width required for the anchoring of the handrail Bs. According to (2), the
useful width Buse of the bridge used for the traffic loads can be calculated. Finally, (3) and (4)
represent the total (Ap) and useful area (Ause) of the bridge deck.

Lspan =Lp— Lsup (1
Byse =B, — 2 Bfl (2)
Ap =Lp- By (3)



Ayse = Lp * Byge (4)

The bridge deck consists of a sandwich construction with a GFRP upper and lower flange with a
respective thickness of t, and ti;, separated by a PUR foam core. The upper and lower flange are
connected by webs, with a thickness of t,, and are evenly distributed over the width of the bridge
deck with an intermediate distance CTCw. The edge of the bridge deck can be constructed with a
straight or chamfered edge and will accommodate the local force introduction due to the stainless
steel handrail. Although the anchor detailing is not a part of the preliminary design, the thickness
of the edges (t.) will be larger than that of the upper and lower flanges and will be included in the
calculation of the self-weight of the bridge deck and the determination of the moment of inertia
and consequently the bending stiffness of the bridge. The anchoring and the introduced forces of
the handrail on the bridge deck will not be discussed in this paper.

Finally, on top of the upper flange and over the useful surface area of the bridge, a bituminous
surfacing with a thickness ts is applied, which will also be included in the calculation of the
permanent load on the bridge deck. The design lifespan for the bridge is 100 years as defined by
EC1990 [36]. A schematic representation of the geometry and cross section of the GFRP web-core
footbridge is given in Figure 2.
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Figure 2: Detailed top and cross-sectional graphical representation of the dimensions and build-up of the
design model

2.2 Material, laminate and cross-sectional properties

The laminates in the web-core GFRP footbridge are composed of E-glass fibres, a polyester matrix
and multiple PUR foam cores. Table 1 provides the main properties of the constituent materials
for the different parts of the bridge.

Table 1: Main properties of the constituent materials [31]

Property Symbol Value
E-Glass fibres
Density Pt 2570kg/m?
Longitudinal stiffness En 73100MPa
Poisson ratio Vit 0.24
Shear stiffness Gt 30000MPa
Polyester matrix
Density Pm 1200kg/m3
Logitudinal stiffness Em 3550MPa
Poisson ratio V12 0.38
Shear stiffness Gm 1350MPa
Glass transition temperature T, 60-100°C



PUR foam core
Density Pcore SOkg/m3

For the production of the bridge, the vacuum assisted resin transfer moulding (VARTM) [37]
technique is used, aiming for a fibre volume percentage (Vr) of the resulting laminates between 50
and 60%. The density of the composite material E-glass/polyester can be calculated based on the
rule of mixture and the densities displayed in Table 1 for the fibres and matrix.

pczvf'pv+(1_vf)'pm (5)

Multi-axial glass reinforcement fabrics, consisting of different unidirectional (UD) layers joined
together, are typically used for the construction of the various laminates of the bridge. The
properties of a single layer can be calculated using the formulas of Halpin-Tsai [38-40] and the
proposed fibre volume percentage. The longitudinal (E1) and transverse stiffness (E), the shear
stiffness (Gi2) and the Poisson ratio in the laminate plane (viz) can be calculated using the
mechanical properties of the fibres and matrix stated in Table 1.

Ey=[Ery - Ve +Ep-(1—Vp)] - dup (6)
E
_ [1 +&amaly ] - ("6~ 1) the, =
Ey =|—=—En| %uwp withn, = E with &, = (7)
L= maby (7 +2)
G
12 m|* Pup withng = C with§s =1 (8)
e ("o + )
V12=Vf'Vf+Vm'(1—Vf) (9)

The estimations for E; using these equations strongly depend on the value of the reinforcement
parameter &; which takes into account the geometry and spatial distribution of the reinforcement.
It is common practice to use a value of &, = 2 for the calculation of E, using the H-T equations,
despite a scientific study proposing a value of 1.5 to obtain more truthful results for E; [41]. ¢yp
is an empirical reduction coefficient equal to 0.97 [31].

2.2.1 Laminate stiffness

The characteristic values of the laminate stiffness are calculated on the basis of the classic
laminate theory (CLT) [42] in a composite calculator software program such as eLamX? [43] or in
an Excel sheet in which the above characteristic lamella properties of a UD lamella are maintained.
The equivalent stiffness of the laminates is derived from the ABD matrix of the CLT, calculated as
shown below.

1 A% 1 A%, Ass
Ey=—+ A —7— Ey=—"(Az2 -7 Gy = (10)
Ay Ay

tlam tlam tlam

2.2.2 ULS laminate strength

For GFRPs with at least 12.5% of the fibre reinforcement in each main direction, the in-plane
strength of the laminate in the ultimate limit state (ULS) in each direction, for (flexural) tension,
compression and shear, can be calculated using a simplified strain based criterion. This is a linear
strain limit of 1.2% in tension and compression, both parallel and transverse to the loading



direction and a shear strain limit of 1.6% under a uniaxial stress condition or pure shear,
according to CUR96:2019 [31].

fxt,Rk = fxc,Rk =1,2%"-E, fyt,Rk = fyc,Rk =1,2% - Ey Txy,Rk = 1,6% - ny (11)

2.3 Partial factors

According to CUR96:2019 [31], the design value of the resistance Rq and of a material or product
property Xq must be calculated with the following formula, including conversion (7.) and material
factors (yy)-

=77C'Rk Xdznc'X (12)
Ym Ym

The material factor ym for an FRP laminate or construction consists of two parts. A partial material

factor ym: linked to the geometric deviations and model uncertainties, depending on the way in

which the lamella or laminate properties are determined or derived and a partial material factor

ym2 that takes into account the uncertainties in the strength properties of the material, depending

on the distribution of the material properties.

Ry

YM = VM1 VM2 (13)

In this design model, the lamella and laminate properties are determined on the basis of
theoretical models, as already shown above. As a result, the partial material factors for the
geometric deviations and model uncertainties ym: for the specific resistance according to
CUR96:2019 [31] are shown in Table 2. Furthermore, it can be assumed in the preliminary design
that the VARTM technique is used for the production of the bridge, so that the coefficient of
variation on the stress level Vi < 0.10 is achieved. The partial material factor for the uncertainties
in the strength properties ymz for the specific resistance according to CUR96:2019 [31] is shown
in Table 2. These values can be used in the case of post-hardened laminates, where the resin
properties set in the design phase have been realized before commissioning of the construction,
with respect to Tg. The resulting partial material factor ym calculated according to equation (13)
in the ULS for the specific resistance is given in Table 2. In the serviceability limit state (SLS), the
partial material factor ywm is equal to 1.00.

Table 2: Partial material factor for the specific resistance [31]

Strength Local stiffness  Global stiffness
Ym1 1.35 1.15 1.15
Ym2 1.20 1.40 1.35
YMm,uLs 1.62 1.61 1.55
YM,SLS 1.00 1.00 1.00

In addition to the partial material factor yu, a conversion factor 1. will also be taken into account
to include the effects of environmental factors and aging. This conversion factor takes into account
the temperature effects 1ct, effects of water (vapour) nem, effects of creep 1cv and effects of fatigue

Ncf.
Ne = Net " Nem " Nev " Nef (14)

Since the glass transition temperature (Tg) of a polyester is between 60 and 100°C, the maximum
operating temperature (Tq) at the top flange of the bridge during full insulation will be in the range
Tg-40°C < Tq < Tg-20°C, so that the conversion factor for the temperature effects for both the



ULS and SLS is equal to 0.9 according to CUR96:2019 [31]. In practice, a T; of at least 80°C is
typically required for bridges.

Secondly, the conversion factor for the effects of water (vapour) is also equal to 0.9 in ULS and
SLS, since the bridge will be exposed to varying environmental conditions, where dry and wet
periods alternate.

For an anisotropic GFRP laminate constructed from UD-layers of E-glass fibres and a polyester
resin with 55% fibres in the 0° direction and 15% fibres in the other three main directions, a
conversion factor for the effects of creep can be expected of 0.70 for a service life of 100 years.
Since the construction of the upper and lower flanges is in accordance with the statement above
of CUR96:2019, the prescribed value for the conversion factor ne can be used in the preliminary
design model.

Lastly, according to CUR96:2019 [31], fatigue must be taken into account if the load varies
cyclically and the number of expected fatigue load changes is greater than 5000 or if the absolute
maximum of the cyclic load is greater than 40% of the maximal load. Since the design model
describes a footbridge, no fatigue load is assumed to be present during the service life of the
bridge, resulting in no stiffness loss for the GFRP laminates due to fatigue. The conversion factor
for fatigue will therefore be equal to 1.00.

Table 3 summarises the different conversion factors for the assessment aspects that will be used
in the preliminary design model.

Table 3: Conversion factors for the different assessment aspects in ULS and SLS [31]

Conversion factor

Assessment aspect
Net Nem  Mev TNt Tc
ULS Strength under quasi permanent loading (1) 0.90 090 070 - 0.567
Strength under short-term load (Ness) 0.90 0.90 - - 0.810
Stability (ncstab) 0.90 090 0.70 1.00 0.567
Fatigue (1) 0.90 090 - - 0810
SLS Strength under quasi permanent loading (1c,4) 0.90 090 0.70 1.00 0.567
Strength under short-term load (1csq) 0.90 0.90 - - 0.810
Vibrations under quasi permanent loading (1) 0.90 0.90 - 1.00 0.810
Vibrations under short-term load (Mcs) 0.90 0.90 - - 0.810
Damage (Mcdam) 0.90 090 0.70 1.00 0.567

2.4 Loads

The design and calculation of FRP structures is based on loads according to EN1991-2 [44] and
load combinations and partial load factors in compliance with EN1990 [36]. The loads can be
subdivided in three categories: permanent loads, traffic loads and accidental loads. In this design
model, only the strength of the flanges and web plates under quasi-permanent and short-term
loading will be examined in the ULS. In the SLS, the deformations and the vibrations (comfort) will
be checked under quasi-permanent and short-term loading.

2.4.1 Permanent loads

The permanent loads on the bridge consist of the self-weight gy, of the structural parts and non-
structural surfacing and of auxiliary elements such as a handrail, which can be calculated on the
basis of the densities stated in Table 1 and the geometry of Figure 2.

2.4.2 Traffic loads

The traffic loads are listed in Table 4. Unlisted loads do not apply or are not considered normative
and are therefore not included in the design and calculations.



Table 4: Traffic loads on GFRP web-core footbridge
Uniformly distributed load [EN1991-2 5.3.2.1]

Distributed load on useful surface area

gx 2.5<20+ L, 130 <5.0 kN/m?

Concentrated load [EN1991-2 5.3.2.2]

Concentrated load Qfva 10 KN

Loading area Biva 0.10 m
Service vehicle [EN1991-2 5.3.2.3]

2 axle load groups Qsv 25.00 kN

Wheel base Lsv 3.00 m

Track width Bsv 1.30 m

Side length of contact area Bsvw 0.20 m
Horizontal forces [EN1991-2 5.4 |

For uniformly distributed load Qfko 0.1.qfk - Byse - Lp KN

For service vehicle Qfix1 0.6-(2-Qsy) KN
Pedestrian traffic [EUR 23984 EN 4.3.1]

Weight of one person P 800.00 N

Pedestrian density drc 0.1/0.2/0.5/1.0/1.5 P/m?

2.4.3 Accidental loads

The accidental loads are listed in Table 5. Unlisted loads do not apply or are not considered
normative and are therefore not included in the design and calculations.

Table 5: Accidental loads on GFRP web-core footbridge
Unintentional vehicle [EN1991-2 5.6.3]

Front axle load Quv1 80.00 kN
Back axle load Quv2 40.00 kN
Wheel base Luv 3.00 m
Track width Buv 1.30 m
Contact area of side Buvw 0.20 m

Horizontal forces for unintentional vehicle Qa2 0.6 - (Quy1 + Quvz) KN

2.4.4 Load combinations

The list below shows the normative load combinations for pedestrian and bicycle bridges, based
on EN1990 [36]. The SLS check is performed with combinations 1, 3 and 4. The ULS check is
performed with load combinations 3, 4, 5 and 6. It is assumed that the other combinations
mentioned in the Eurocodes do not apply or are less relevant for the ULS and SLS checks in the
construction, i.e. LC1 and LC2 [36].

Load combination 3 Permanent load + Uniformly distributed load + Horizontal
forces for uniformly distributed load

Permanent load + Uniformly distributed loads ({raq = 0.8) +
Service vehicle + Horizontal forces for uniformly
distributed load and service vehicle

Permanent load + Concentrated load

Permanent load + Unintentional vehicle + Horizontal forces

for unintentional vehicle

Load combination 4

Load combination 5
Load combination 6

2.5 Ultimate limit state (ULS)

Due to the occurrence of creep, different conversion factors for long-term loads, under quasi
permanent loading, and short-term loads apply for the assessment in the ULS. For a combined



assessment of long-term load and short-term variable load, both the capacity of the laminate or
cross-section of the bridge used by long-term and the short-term load must be accounted for with
the corresponding conversion factors shown in Table 3.

Ey Ey;
Z( ‘”) +Z<ﬂ> <1 (15)
Ry w Raj),

=1 =1

In the design model, the strength of the flanges and web plates is assessed at laminate level for the
decisive load combinations by using the simplified strain criterion.

2.5.1 Strength of the flanges

For the simply supported or clamped structures, the dominant stresses in the flanges will be
caused by longitudinal bending, creating tensile and compressive stresses in the lower and upper
flange, respectively. Due to the small thickness of the laminates of the flanges in relation to the
thickness of the bridge deck, shear stresses will only make up a small part of their total stress
pattern. As a result, the stresses in the flanges can be considered as uniform longitudinal stresses.
The longitudinal stresses in the flanges are tested in load combinations 3, 4 and 6 as shown below.

Flexure (simply supported)
by self-weight

Mgy = § qsw * Bp - Lspan2

by uniformly distributed load

1
Mq = § “qfk - Byse Lspan2

by service vehicle
1
M, = Z 2Qsy Lspan
by unintended vehicle
1
My, = Z : (qul + quz) : Lspan
Load combinations

LC3
YG,uLs Yo,uLs
Micz = Ymuts - < Mgy + . Mq)
77(:l,s Tlcs,s
LC4
YG,uLs Yo,uLs
Mics = YmuLs ( Mgy + . Msv>
ncl,s ncs,s
LC6

YG,uLs Ya,uLs
Mice = YmuLs < Mgy + : Muv>

ncl,s ncs,s
Decisive combination
Mpax = max{Myc3; Myca; Myce}

Stresses
In upper flange
_ Minax * Yno
OxufM — I P
X,
In lower flange
_ Mmax * Yn1
Ox)fM = i P
X,

Unity check
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Upper flange
Oxuf M

UCq xuf = <1
f xc,Rk,uf
Lower flange
OxtM
UCqxIf = <1
fxt,Ric 1

In the example hereafter, it will be demonstrated that the strength of the upper and lower flange
is typically not decisive in the design of GFRP footbridges, due to the specific material properties
of GFRP materials, especially the high strength-to-stiffness ratio.

2.5.2 Strength of the web plates

The shear strength of the webs is checked for load combinations 3, 4 and 6. Each web is considered
to be the thin-walled web of an I-beam with wide flanges, thus shear stress in the webs is
considered constant over the web depth.

In load combination 3 under quasi permanent load, all web plates are considered to be load-
bearing (nw,wot). In load combinations 4 and 6, only the web plates directly under the wheel prints
are considered for each wheel (nw,sv). The edges of the bridge are not included in this calculation,
so the calculation is conservative.

Shear forces (simply supported)
by self-weight

1
Vsw = 2 qsw - CTCy * Lgpan

by uniformly distributed load
Qfiko- Hp

Ny tot- Lspan

1
Vg = 2 qrr - CTCy - Lypan +

by service vehicle

V= 1 -[Q .<2_ Lgy, >+Qflk1'Hb]
v 2Ny o v Lspan Lspan

by unintended vehicle

1 Lyy Qrikz * Hp
vV, =——m=- + 11— +
uv an,su [Quul quz ( Lspan) Lspan
Load combinations
LC3
YG,uLs Yo,uLs
Vics = YmuLs < Vow + : Vq)
ncl,s ncs,s
LC4
YG,uLs Yo,uLs
Vica = YmuLs < Vow + : st>
ncl,s ncs,s
LC6

Ye,uLs YauLs
Vice = YmuLs ( n Vow + : Vuv)

cl,s ncs,s
Decisive combination

Vinax = max{Vyc3; Vica; Vice}
Geometric properties
Surface area web plate

Shear stresses
in web plate

11



_ Vmax
Txy,w,V - A

w
Unity check
Web plate
Txy,w,V
UCr xyw = <1
Txy,Rk,w

The compressive strength of the webs loaded by direct force introduction is assessed in load
combination 5. A strip with one web plate in the middle and a width equal to the centre to centre
distance of the web plates is considered.

Load combination
LC5

Ym,uLs Qf d
Pres = : <VG,UL5- qsw - CTCy, + YouLs "B - >
cs,S fvd

Compressive stresses
in web plate

Pycs
Jy,w,LCS -

tw
Unity check
Web plate

Oy,w,LC5

UCqyw = z <1
f yc,Rk,w

In the example hereafter, it will be demonstrated that the shear and compressive strength of the
webs typically does not pose a problem in the design of a GFRP web-core footbridge.

2.6 Serviceability limit state (SLS)

In the SLS, the effects of the environmental conditions and aging on the stiffness of the material
must be taken into account through the conversion factors stated in Table 3. In this analytical
design model, the bridge is simplified to a simply supported or clamped beam at both sides. For
the SLS assessment, the following criteria apply .

e A minimum first natural flexural frequency of 3.00 Hz in unloaded condition under the
influence of environmental vibrations as a result of, for example, wind and traffic;

e A minimum first natural flexural frequency of 2.2 Hz under pedestrian traffic, so that the
comfort requirements for pedestrian bridges can be met at a later stage;

e A maximum deflection of wmax = Ly/limit due to traffic loads. This limit value is typically
specified by the client, typically values of 100 to 350 are prescribed.

2.6.1 Deflection

The deflection at midspan (W) can be calculated using beam formulas, where the deflection due
to shear cannot be neglected. As an example, equation (16) gives the deflection for a simply
supported beam with a span L, loaded by a uniformly distributed load q.

5 q.L* 1 q.lL?
Weor = +3
384 % Eil;  8X;GiA;

(16)

Deflection due to the uniformly distributed load in load combination 3:
2

W = 5 Ymsis Yesis  dfk * Buse - Lspan4 n lyM,SLS “Y6,sis * 9rk * Buse - Lspan
Les 384 Elx *MNes,d 8 GAxy *Nes,d

Deflection due to the service vehicle in load combination 4:

12



1 Ym,sLs " YQ,sLs st ' (Lspan - st) . [

Wica = 48 El; Nesq 2. Lspan ) (Lspan + st) - Lgv]
N lyM,SLS “Yo,sLs * Qsv * Lspan
4 GAxy *Nes,d
Unity check:
WLc3 Wrca
UCw, oy = o <1 UCy, ., = . <1

2.6.2 First natural flexural frequency

The bridge will be simplified as a simply supported or double clamped beam, for which the first
natural flexural frequency can be calculated with the following formula. When determining the
first natural flexural frequency of the GFRP footbridge, the mass of the load causing the vibration
must be included in the assessment if this mass exceeds 5% of the self- weight of the bridge
structure [31].

Elx'g

B dr¢c-P-B
YmsLs [QSW /ncl,t +77¢ use/nCS,t] ’ Lspan4

Ky
fKni dre) = E\/ (17)

In this formula, K, is a constant that depends on the boundary conditions of the bridge. It is equal
to 9.87 for a simply supported beam and equal to 22.4 for a double clamped bridge [31].

Unity check:

_ f min,load

f min,unload
quO'load B fO load =1

- ucfo,unload - = 1

fO,unload

The first natural flexural frequency will be determined for an unloaded bridge and for a bridge
loaded with a varying pedestrian traffic. The former is important for vibrations due to traffic in
the vicinity of the bridge and wind so that they cannot cause unacceptable displacements and
vibrations of the bridge. The latter is important for the comfort of the pedestrians on the bridge.

The comfort of the bridge will be assessed based on the maximum vertical acceleration of the
bridge under a pedestrian traffic. The scientific and technical report for the Design of Lightweight
Footbridges for Human Induced Vibrations (further referred to as JRC document) [32] will be used
as a guideline. The JRC document proposes five different typical traffic classes (TC) that can occur
on a pedestrian and bicycle bridge, shown in Table 6.

Table 6: Pedestrian traffic classes and densities [32]

Traffic

2 = .
class drc [P/m?] Characteristics

15
TC1 min {A—, 0.1} Very weak traffic: Group of 15 people spread over the bridge.
use

Weak traffic: Comfortable and free walking. Overtaking is

TC2 0.2 possible. Single pedestrians can freely choose pace.
TC3 0.5 Dense traffic: Still unrestricted walking. Overtaking can
' intermittently be inhibited.
TCA 10 Very dense traffic: Freedom of movement is restricted.
' Obstructed walking. Overtaking is no longer possible.
TCS 15 Exceptionally dense traffic: Unpleasant walking. Crowding

begins. One can no longer freely choose pace.
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The comfort of the GFRP web-core footbridge will be classified according to four comfort classes
(CC) listed in the JRC document, using a limiting value for the vertical acceleration of the bridge as
shown in Table 7.

Table 7: Comfort classes with vertical acceleration ranges [32]

Vertical acceleration limits,

Comfort class Degree of comfort 2
dlim,vert [m/ S ]
CC1 Maximal <0.50
CC2 Medium 0.50 - 1.00
CC3 Minimal 1.00 - 2.50
CC4 Unacceptable discomfort >2.50

The maximum occurring vertical acceleration of the bridge can be calculated by (18).

Amax,vert = ka,95%\/W' ky - &k2 (18)
i

With [32]:

ka 959, 95% percentile of the peak factor for the transformation of the standard deviation of
the stresses to the characteristic design value of the vertical acceleration in
serviceability limit state.

C constant describing the maximum of the load spectrum
oF’ variance of the loading (pedestrian induced forces)
o =kp-n
kr Constant [kN?]
n=drc" Ly Byse Number of pedestrians on the bridge
M;? modal mass of the considered mode i

ki, k2  constants depending on the pedestrian density
ki =arf? + axfi +as
ko = by f + baf; + bs
ai, az, as, by, bz, bs constants

fi considered first natural flexural frequency that coincides with
the mean step frequency of the pedestrian stream

13 structural damping ratio

The value of the structural damping ratio of the bridge depends on many factors, including the
construction details, fibre orientations and fibre volume content. The damping of a structure is
generally larger than the material damping due to the presence of connections with the
environment and in the structure itself. The damping of a laminate or of a construction can be
measured with the Dynamic Mechanical Analysis (DMA). The CUR96:2019 [31] gives a minimum
value for the damping ratio for a GFRP material of 0.5% and an average value of 1.0%. However,
in practice, the damping ratio of the bridge structure will be larger due to the existing boundary
and support conditions. The use of higher damping values than mentioned in the CUR96:2019
[31] and damping values for non-standard materials must be substantiated by representative
experimental data. The influence and value of the structural damping ratio & will be discussed
further on in the parametric study in this paper.

Table 8: Constants for the vertical acceleration with a pedestrian density of less than or equal to 0.5P/m?

drc Kr
[P1/m?*]  [kN?]

C a az as b1 b, bs Ka,05%

14



<0.5

1.20x102

2.95

-0.070 0.600 0.075 0.003

-0.040 -1.000 3.92

Figure 3 shows the values k; and k; as a function of the natural frequency and the pedestrian
density to determine the vertical acceleration of the bridge deck.
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Figure 3: ki1 and kz values as function of the first natural flexural frequency for different pedestrian traffics

9 10

The ki value for the different pedestrian densities stated in the JRC document will become
negative for certain frequencies, which will result in a negative vertical acceleration. However,
this is not discussed in the guideline, as the vertical acceleration from a first natural flexural
frequency of 4.6 Hz will be multiplied with a reduction coefficient of 0, as can be seen in Figure 4.

The design value of the vertical acceleration of the bridge can be found by multiplying the
maximum occurring vertical acceleration with a reduction coefficient {5, which takes into account
the probability that the step frequency approaches the critical range of the first natural flexural
frequencies of the bridge. Consequently, this reduction coefficient depends on the first natural
flexural frequency for a given pedestrian traffic. The value of the reduction coefficient is shown in
Figure 4.

Reduction coefficient, Y [-]
S e N o
o = N w e €2 Be)Y ~

Advert = Y- Amaxvert

First harmonic vibration

Second harmonic vibration

o

0,5

1,5

TN T T T T T T T
T T

2

2,5

3 35 4

Natural frequency [Hz]

Figure 4: Reduction coefficient for the design vertical acceleration [31]
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3 Design example

In this example, a simply supported glass fibre reinforced polymer (GFRP) web-core footbridge,
spanning two traffic lanes and adjacent footpaths, will be analytically calculated. The length of the
bridge is 16.20 m with a bridge support length of 0.20 m on both abutments, resulting in a free
span of 16.00 m according to equation (1). The construction depth of the bridge deck is chosen as
600 mm, giving the bridge a depth to span ratio of about 1/27.

3.1 Bridge geometry

The GFRP web-core footbridge has a width of 4.40 m with a side flange width of 0.20 m on both
sides to anchor the stainless steel handrail, resulting in a useful width of the bridge of 4.00 m. The
upper and lower flange both have a thickness of 14 mm and the interconnecting webs have a
thickness of 6 mm and a centre-to-centre distance of 0.20 m. The edge of the bridge deck is
bevelled at an angle of 60° and has a thickness of 25 mm. Finally, the surfacing on the upper flange
over the useful with of the bridge has a thickness of 15 mm, and the design lifespan for the bridge
is 100 years as defined by EC1990 [36]. Table 9 provides an overview of the bridge dimensions.

Table 9: Summary bridge dimensions calculation example

Discription Symbol Value
Bridge length Ly 16.20m
Bridge width Bb 4.40m

Bridge support length Lisup 0.20m
Side flange width Bn 0.20m
Free span Lspan 16.00m
Useful width Buse 4.00m
Construction depth Hy 0.60m
Centre to centre distance of the webs CTCw 0.20m
Total surface area Ay 70.40m?
Useful surface area Aise  64.00m?
Upper flange thickness tu 14mm
Lower flange thickness tie 14mm
Web plate thickness tw 6mm
Edge thickness te 25mm
Surfacing thickness ts 15mm

The characteristic values for the stiffnesses and the Poisson ratio of a single UD layer consisting
of E-glass fibres and polyester resin can be found in Table 10.

Table 10: Characteristic values of a single UD E-glass/polyester composite layer

Materials E-Glass/Polyester
Fibre volume percentage Vi 55%
Longitudinal stiffness E; 40500 MPa

Transverse stiffness E, 12900 MPa
Shear stiffness Gz 2900 MPa
Poisson ratio viz 0.30

The composition of the various laminates in the bridge is shown in Table 11 by means of the
percentage of the thickness taken up by each of the four main directions. The specific structure of
the laminates and the positioning of the layers relative to the neutral axis of the laminate will be
taken into account.
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Table 11: Construction of the various laminates in the bridge

Laminate Percentage of thickness for each fibre direction [%]
thickness

0° 90° 45° -45°
[mm]
Upper flange 14 50 10 20 20
Lower flange 14 50 10 20 20
Web plate 6 0 50 25 25
Edge 25 0 50 25 25

A summary of the equivalent stiffness and strength of the different laminates in the bridge can be
found in Table 12.

Table 12: Equivalent stiffness and strength for the laminates in the bridge

Ex Ey Gxy £t rio fxcRK fyt,Rk; fyc,Rk Txy,Rk

[GPa] [GPa] [GPa] [MPa] [MPa] [MPa]

Upper flange 26.57 1636 6.46 318.87 196.35 103.31
Lower flange 26.57 16.36 6.46 318.87 196.35 103.31
Web plate  13.62 25.79 7.34 163.49 30944 117.14
Edge 13.62 25.79 7.34 163.49 30944 117.14

The longitudinal bending stiffness Elx and the shear stiffness GAx, can be determined for the cross-
section of the bridge based on the laminate stiffnesses mentioned in Table 12 and the geometry
of the bridge shown in Figure 2. The bending stiffness Elx and the shear stiffness GAyy, are 438.63
MNm? and 721.03 MN respectively.

Table 13: Permanent loads on GFRP pedestrian and bicycle bridge

Description Mass [kg]
Mass bridge structure, msgruc 8757
Mass surfacing, mgyrs 1652
Mass handrail, my, 324

Total permanent mass, mi,: 10733

The permanent mass of the bridge will be converted to a uniformly distributed load over the total
surface area of the bridge.

m .
Qsw = t;’lt 9 _ 1,48 kN /m?
b

3.2 Ultimate limit state (ULS)

The flexural moments required to check the strength of the upper and lower flanges in the ULS,
respectively under the self-weight, the distributed load, the service vehicle and the unintended
vehicle are:

Mgy, = 208.00kNm M, = 588.47kNm Mg, = 200.00kNm M, = 480.00kNm
The determining load combination can then be obtained from load combinations 3, 4 and 6.
M, o3 = 1771.18kNm Mycy = 994.24kNm M,ce = 1554.24kNm
My = 1771.18kNm

The distance from the top of the upper (yno) and bottom of the lower (yn1) flange of the bridge deck
to the neutral axis is in both cases 300 mm, from which the moment of inertia of the flanges can
be calculated: I,,; = 96.90 - 10% mm*.
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The longitudinal maximum occurring bending stresses in the upper and lower fibre will therefore
be equal to: gy 5y = Ox,1rm = 54.84 MPa.

Unity check for the strength of the upper and lower flanges in respectively compression and

tension in the longitudinal direction:

UCq, o = 017 <1 UCqy 1y = 017 <1

As mentioned in section 2.5.1, these unity checks are well below 1. This is remarkable, certainly
when considering the combination of various partial material and conversion factors used in
expression (12). As will be shown further in this paper, these results are very common for web-
core sandwich panel FRP composite footbridges, which are dominated by SLS rather than ULS
design.

The shear forces in the webs to check the strength of the web plates in the ULS under self-weight,
distributed load, service vehicle and unintended vehicle are:
Vsw = 2.36kN Vg =7.97kN Ve = 11.61kN V., = 28.80kN
The determining load combination can then be obtained from load combinations 3, 4 and 6.
Vics = 22.69kN Vica = 29.97kN Vice = 64.35kN
Vinax = 64.35kN

The cross-sectional area of one web plate is: 4, = 3432.00 mm?, from which the shear stresses
in the webs can be calculated: 7,,,,,y = 18.75 MPa.

Unity check for the strength of the webs in shear:
UCr ),y = 016 <1
In addition, the web plates will also be checked against the compression that takes place in one

web. The load is Py 5 = 100.30 kN /m, from which the stress in one web plate under compression
can be calculated: 0y, cs = 33.43 MPa.

Unity check for the strength of the webs in compression:

=011<1

uCUy,w,Lcs

Yet again, as mentioned in section 2.5.2, the unity checks are well below 1, proving once more that
web-core sandwich panel FRP composite footbridges are dominated by SLS rather than ULS
design.

3.3 Serviceability limit state (SLS)

In SLS, a deflection limit criterion of 1/250 is imposed, resulting in a maximum tolerable deflection
of the bridge at midspan of 64.80 mm. The long-term deflection under load combination 3 for the
uniformly distributed load and load combination 4 for the service vehicle are w; 3 = 45.18 mm
and w4 = 11.59 mm respectively.

Unity check for the deflection of the bridge at midspan:
U,Cch = 070 uch4 = 018

In this example, the SLS deflection criterion is the governing criterion in the preliminary design.
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The SLS verification will also determine the natural frequency of the bridge and, based on this, the
comfort level of the bridge. Table 14 gives a summary of the first natural flexural frequency (fo) in
unloaded and loaded condition for different traffic classes together with the unity checks against
the relevant criterion (uc).

Table 14: First natural flexural frequency for five traffic classes

Traffic drc fO,load UcCso,load fO,unload UCfo,unload
class _[Piy/m?] [Hz] [-] [Hz] [-]

TC1 0.1 4.39 0.51

TC2 0.2 4.29 0.52

TC3 0.5 4.03 0.56 4.49 0.67

TC4 1.0 3.68 0.61

TC5 1.5 3.41 0.66

Table 15 shows the comfort classes of the bridge for the different pedestrian traffic classes,
calculated with a structural damping ratio of 0.5 and 1.0% as stated in the guideline CUR96:2019
[31].

Table 15: Results for vertical acceleration and comfort class with a structural damping ratio of 0.5% and 1.0%
for different traffic classes

Traffic drc Advert0.5%  Advert1.0%
class [Pi/m?*] [m/s?] [m/s?]
TC1 0.1 084 (CC2) 057 (CC2)
TC2 02  1.74(CC3) 1.18(CC3)
TC3 0.5  4.34(CC4) 295 (CC4)
TC4 1.0 477(CC4) 3.24 (CC4)
TC5 15  4.41(CC4) 2.96 (CC4)

As a preliminary conclusion, the predetermined requirements for the deflection (L/250) and the
natural frequency in unloaded and loaded condition (respectively 3.00 Hz and 2.25 Hz) can be met
with reasonable dimensions for the construction depth and the thickness of the flanges and webs
for a GFRP web-core footbridge with a span of 16 m. Furthermore, the strength of the upper and
lower flange and webs will typically not pose a problem in the design of a GFRP web-core
footbridge, as barely 20% of the capacity will be used. However, with the current dimensions of
the bridge, it will be impossible to meet the comfort requirements for the majority of the traffic
classes with the predetermined values of the damping ratio from CUR96:2019. An increase in
damping ratio of 0.5% to 1.0% will cause a 32% reduction in the design vertical acceleration. The
influence of the damping ratio on the design of the GFRP web-core footbridge will be studied in
the subsequent parametric study.

4 Discussion and parametric study

In the first part of the discussion, the calculation example will be addressed further. The basic data
(materials, loads, geometry) will be maintained, especially the span of 16 m, except for the flange
thickness and slenderness. This will allow visualising the unity checks for varying slendernesses
as well as the influence of the SLS requirements and the damping ratio, for a given span.

In the second part, the discussion will be extended to other spans (6 - 24 m), focussing on unity
checks, influence of SLS requirements and damping ratio.

In the final part, the influence of the bridge width, the addition of non-structural elements, the
boundary conditions, the traffic class and the use of other materials will be addressed.

Given the possible confusion as to the definition of slenderness as span to depth or depth to span
ratio, in what follows the term depth to span ratio is used (e.g. 1/20; 0,05) throughout.
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4.1 Constant bridge span

4.1.1 Unity checks and structural mass as a function of the depth to span ratio

In the calculation example, the bridge was analysed on the basis of predetermined values for the
construction depth and thicknesses of the different laminates. However, it will be possible to
calculate the bridge with different parameters due to the interaction between the construction
depth and the thickness of the laminates. The thicknesses of the upper and lower flanges are kept
equal to each other, with minimum and maximum values of 8 and 50 mm respectively, and the
webs are consistently half that thickness. The thickness of the laminates is increased in steps of
0.0168 mm from the minimum value of 8 mm until all unity checks are met, or until the limit of 50
mm is reached at 2500 steps. The results are shown in Figure 5, where the depth to span ratio of
the bridge of 16.2 m is varied over an interval of 1/100 to 1/14.

The design is done on the basis of a deflection requirement of L./250, a pedestrian traffic class of
0.5 P/m? and, in contrast to the design example, the comfort must comply to comfort class 2
(medium comfort) with a maximum vertical acceleration of 1.0 m/s* and a value of 0.5% for the
structural damping ratio.
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Figure 5: Evolution of the unity checks and limiting values as a function of the depth to span ratio of the
calculation example with a bridge span of 16 m (L/250, TC3, CC2, 0.5%)

In the graph, three areas can be distinguished, which are delimited by two limit values. In the first
area, from a depth to span ratio of 0.010 (1/100) to the left hand side limit value of 0.025 (1/40),
not all unity checks can be met if the maximum laminate thickness is respected. In the third area,
from the right hand side limit value of 0.055 (1/18) to 0.070 (1/14), the minimum thickness of
the upper flange is reached. Decreasing the thickness further would lead to a lack of resistance to
local force introduction, whereas keeping the thickness constant at 8 mm would cause all unity
checks to be significantly below one. The second area, located in the middle, displays all possible
construction depth configurations complying to all unity checks. From Figure 5, it is clear that the
dominant criterion for the design of the bridge is the vertical acceleration.
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The following graphs show the structural mass per square meter for different deflection
requirements and comfort class CC2 in Figure 6, and without applying a comfort requirement
(which is equivalent to CC4) in Figure 7.
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Figure 6: Structural mass per square meter for various deflection criteria and a medium comfort requirement
(TC3, CC2, 0.5%)
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Figure 7: Structural mass per square meter for various deflection criteria and without a comfort requirement
(TC3, CC4, 0.5%)

From Figure 6 and Figure 7, it can be deduced that the CC2 comfort requirement fully determines
the design of a 16 m GFRP web-core footbridge, no matter whether a deflection requirement of
L/100, L/250 or L/350 was imposed. Only for the excessive deflection requirements L/500 and
L/700 and for depth to span ratios smaller than 0.043 (1/23) and 0.035 (1/26) respectively, the
design of the bridge would be determined by the deflection. For a medium span footbridge, the
comfort criterion is clearly decisive.

Should however no comfort criterion be imposed, it is clear that the limiting value for the live load
deformation is decisive for the material consumption. For a common depth to span ratio of 0,03
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(1/33), structural masses of 70 kg/m?(L/100), 140 kg/m? (L/250), and 190 kg/m? (L/350) are
found. Note that when CC2 is required, this depth to span ratio is not even achievable (Fig. 6).

4.1.2 Influence of the comfort criterion

The influence of the proposed comfort requirement for the design of the bridge according to the
JRC document is shown in Figure 8 for the GFRP web-core footbridge of the design example with
a span of 16 m and for different structural damping ratios. For comfort requirement CC4, no
limiting value for the vertical acceleration is set, and the design is in this case mainly dominated
by the unity checks for the deflection under the distributed load (LC3) and the natural frequency
in unloaded state.
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Figure 8: Structural mass per square meter as a function of the depth to span ratio and the comfort criterion
for a bridge span of 16 m and different damping ratios (L/250, TC3)

An easing of the comfort requirement will lead to the design of slimmer and lighter bridges with
thinner flanges and web plates. For example, for a depth to span ratio of 0.04 (1/25), the structural
mass of the bridge for CC2 and & = 0.5% will be 215 kg/m?. For CC1, the structural mass will
increase with 14% to 245 kg/m? Contrarily, for the comfort requirements CC3 and CC4, lighter
bridges with a structural mass of 169 and 100 kg/m? respectively, are obtained, leading to a
reduction of 21 and 53%. In addition, it will be possible to obtain a slimmer bridge with the same
structural mass if the comfort requirements are relaxed.

For depth to span ratios smaller than 0.037 (1/27), a comfort requirement CC3 and a structural
damping ratio of 0.5%, the first natural flexural frequency of the bridge in loaded condition will
be larger than 4.2 Hz (Figure 9 left), resulting in a reduction coefficient smaller than 0.25 for the
calculation of the vertical acceleration as shown in Figure 4. Consequently, the required
thicknesses of the upper and lower flange (Figure 9 right) and of the webs in order to achieve the
predefined comfort class increase to a lesser extent. As a result, the unity check for the deflection
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under a uniformly distributed load for depth to span ratios smaller than 0.037 (1/27) will increase
(Figure 10) and the structural mass of the bridge will decrease.
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Figure 9: Evolution of the first natural flexural frequency in loaded condition (left) and thickness of the upper
flange (right) for a bridge span of 16 m and CC3
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Figure 10: Unity checks for a bridge span of 16 m and CC3

4.1.3 Influence of the damping ratio

Similarly, the influence of the structural damping ratio in the design of the GFRP web-core
footbridge is considered in Figure 11. The assessment is based on a deflection requirement of
L/250, traffic class 3, comfort class 2 and a varying damping ratio with a value of 0.5%, 1.0%, 2.5%
and 4.5%. As for the comfort requirement, the increase in the structural damping ratio in the
calculation of the bridge will result in a reduction in the structural mass and will make it possible
to design a more slender bridge.

For depth to span ratios less than 0.04 (1/25) and a damping ratio of 4.5%, the first natural
flexural frequency of the bridge in loaded condition will be larger than 4.2 Hz, making the
reduction coefficient for the calculation of the design vertical acceleration smaller than 0.25. This
results in smaller flange thicknesses and a reduction of the structural mass. For depth to span
ratios smaller than 0.029 (1/35), the unity check for the deflection will become dominant again
with a significant increase in the thickness of the flanges and therefore an increase in the
structural mass of the bridge (Figure 12).
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Figure 11: Structural mass per square meter as a function of the depth to span ratio and the structural damping
ratio for a bridge span of 16 m (L/250, TC3, CC2)

1,2 ¢
1 1 —A— UC deflection LC3
i 0,8 -- —6— UC natural frequency
§ E unloaded
506 —B— UC stresses upper flange
2t
S 0,4 T —>— UC shear stresses webs
02 + . .
F —+—UC Vertical acceleration
0 i
0,01 0,02 0,03 0,04 0,05 0,06 0,07

Depth to span ratio [-]
Figure 12: Unity checks for a bridge span of 16 m and a damping ratio of 4.5%
In the next paragraph, the findings related to unity checks, influence of the SLS requirements and

damping ratio will be further explored for smaller and larger spans.

4.2 Variable bridge span

In this section, the unity checks, structural mass per square meter and the first natural flexural
frequency will first be shown as a function of the depth to span ratio for various bridge spans.
Afterwards, the influence of the comfort criterion, the damping ratio, the useful width, the addition
of non-structural mass by the surfacing and the handrail, the boundary conditions and the volume
of the pedestrian traffic in the design of the bridge will be examined.

4.2.1 Unity checks and structural mass as a function of the depth to span ratio

Figure 13 shows the evolution of the unity checks and limiting values for four different spans of a
GFRP web-core footbridge. The design is done with a deflection requirement of L /250, traffic class
3, comfort class 2 and a damping ratio of 0.5%.
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Figure 13: Unity checks for a bridge span of 6, 12, 18 and 24 m (L/250, TC3, CC2, 0.5%)



From Figure 13, two normative requirements can be put forward when designing a GFRP web-
core footbridge with the proposed criteria, namely the deflection under the evenly distributed
load for bridges with a small span (<12 m) and the vertical acceleration for bridges with a larger
span (212 m). Obviously, this boundary will shift when applying other deflection or acceleration
limits. It can also be deduced from the graphs that the achievable depth to span ratio will decrease
as the span of the bridge increases. As mentioned earlier, it can be seen that the strength of the
flanges and web plates is typically not a problem in the design of the footbridge.

Figure 14 shows the structural mass per square meter, i.e. the mass of the bridge deck without the
surfacing layer and the handrail, as a function of the depth to span ratio for different spans with
the boundary conditions and criteria specified in the design example above. The red lines
represent the upper and lower limits of the thickness of the flanges.
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Figure 14: Structural mass per square meter as a function of the depth to span ratio for different bridge spans
(L/250, TC3, CC2, 0.5%)

4.2.2 First natural frequency as a function of the depth to span ratio

Figure 15 shows, for the given criteria, the calculated first natural frequencies. A decreasing trend
in the natural frequency can be found as the span length increases. As a result, the comfort of the
bridge will play a greater role for longer bridges, as could also be deduced from the graphs with
the unity checks in Figure 13.
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4.2.3 Influence of the comfort criterion

Figure 16 shows a comparison of the structural mass per square meter for different bridge spans
based on comfort requirements CC2 (medium comfort) and CC4 (no comfort requirement) [32].
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Figure 16: Comparison in structural mass per square meter for a design based on CC2 and CC4 for different
bridge spans (L/250, TC3, 0.5%)

Figure 16 provides insight on the relevance of the comfort criteria for different spans. Firstly, for
the 6 m span, the comfort requirement is irrelevant, since the design is dominated by the
deflection criterion as could already be seen in Figure 13. Secondly, for the 12 m span, the comfort
requirement is relevant for depth to span ratios lower than 0,036 (1/28), rapidly increasing the
structural mass. Finally, for the 18 and 24 m spans, the comfort requirement quickly makes a
competitive GFRP web-core panel bridge design impossible at excessively small depth to span
ratios and excessively large material consumptions.
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4.2.4 Influence of the damping ratio

Figure 17 plots a comparison of the structural mass per square meter for a design using a damping
ratio of 0.5% and 4.5%.
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Figure 17: Comparison in structural mass per square meter for a design based on damping ratio of 0.5% and
4.5% for different bridge spans (L/250, TC3, CC2)

By applying an increased damping ratio of 4.5% in the design of a GFRP web-core footbridge, it
will be possible to design slimmer bridges with the same structural mass per square meter. For
example, a bridge with a span of 18 m and a structural mass of 150 kg/m? can be designed with a
depth to span ratio of 0.040 (1/25) if a damping ratio of 4.5% is used, while for a damping ratio
of 0.5% a depth to span ratio of 0.053 (1/19) is achieved, which equates to a magnification of
32.5% of the cross section of the bridge. Again it should be pointed out that for the smaller spans,
the deflection criterion is dominant, and the increase of the damping ratio has little effect.

4.2.5 Influence of the width

Figure 18 shows the influence of the useful width on the structural mass in the design of a GFRP
web-core footbridge.
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Figure 18: Influence of the useful width in the design of a GFRP web-core footbridge (L/250, TC3, CC2, 0.5%)

The width has only a limited influence on the structural mass and the achievable depth to span
ratio in the design of a GFRP web-core footbridge. For the bridge with a span of 24 m and a useful
width of 6 m (L24 W6), the structural mass for depth to span ratios larger than 0.055 (1/18) will
decrease, as the first natural flexural frequency with a pedestrian traffic will be greater than 4.2
Hz, so that a reduction coefficient smaller than 0.25 will be applied. Furthermore, with a span of
24 m, it will not be possible to design a bridge with a useful width of 2 m as the thickness of the
flanges will exceed the maximum thickness. All in all, the influence of the width is limited, and only
a consequence of the cross section edges and the ratio Byse/B.

4.2.6 Influence of surfacing and handrail

Figure 19 shows the influence of the non-structural mass of the surfacing and the handrail in the
design of a GFRP web-core footbridge. It should be noted that in this calculation, the surfacing and
the handrail are entirely non-structural. Whether this is the case in reality can only be determined
by testing. Even then, caution should be used, as temperature or time dependent behaviour of the
surfacing or handrail may be difficult to assess.

A bituminous surfacing with a thickness of 15 mm and a specific density of 1700 kg/m? and a
stainless steel handrail with a mass of 10 kg per meter will be used. The thickness of the surfacing
and mass per meter of the handrail will be noted in the legend of the figure as (S15 HR10) vs (SO
HRO) for the situation without surfacing and handrail.
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Figure 19: Influence of non-structural mass of the surfacing and handrail on the structural mass of the bridge
(L/250, TC3, CC2, 0.5%)

If the deflection under a uniformly distributed load is the determining criterion in the design of
the GFRP web-core footbridge, such as for a span of 6 m and for depth to span ratios larger than
0.037 (1/27) for a span of 12 m, the addition of non-structural mass due to the surfacing and the
handrail does not affect the structural mass per square meter of the bridge. However, the mass of
the surfacing and handrail will have a minor influence on the structural mass per square meter if
the design is determined by the vertical acceleration (comfort), as is the case for a span of 24 m,
18 m and for depth to span ratios smaller than 0.037 (1/27) at a span of 12 m.

For a span of 18 m and a depth to span ratio of 0.050 (1/20), the structural mass per square meter
of the GFRP web-core footbridge will increase with 20.8% from 144 kg/m? to 174 kg/m? if a
surfacing and a handrail are adopted in the design of the bridge. This increase in structural mass
is mainly due to a thickening of the flanges and webs to accommodate the comfort requirement of
CC2.

Contrary perhaps to common belief, the study indicates that purely non-structural surfacing and
hand railing have a negative impact on the comfort analysis and will increase the structural
material consumption of FRP web-core footbridges.

4.2.7 Influence of boundary conditions

The influence of the boundary conditions on the structural mass per square meter can be found
in Figure 20, where a comparison is made between a simply supported (SS) bridge and a double
clamped/fully fixed (FF) bridge.
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Figure 20: Comparison between the structural mass of a bridge with simply supported (SS) and fully
fixed/double clamped (FF) boundary conditions for various bridge spans (L/250, TC3, CC2, 0.5%)

Adjusting the boundary conditions for a double clamped bridge will have a major impact on the
feasible depth to span ratio and structural mass of the bridge. It is clear that a greater depth to
span ratio can be obtained when switching from a simply supported boundary condition to a
double clamped bridge. For example, with the same structural mass of approximately 150 kg/m?,
a bridge with a span of 18 m can be constructed with a depth to span ratio of 0.053 (1/19) if it is
simply supported, while a depth to span ratio of 0.020 (1/50) is obtained if it is double clamped.

A designer should, however, be fully aware that a double clamped footbridge has serious
consequences regarding the design of the abutments, and should be extended lengthwise to
accommodate the clamping forces. This is not taken into account in the current study, which only
considers the structural mass in the free span.

4.2.8 Influence of the traffic class

The influence of the traffic classes TC1 (0.1 P/m?), TC3 (0.5 P/m?) and TC4 (1.0 P/m?) [32] is
examined in this section for various bridge spans.
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Figure 21: Comparison of the influence of a pedestrian traffic class TC1 (0.1 P/m?), TC3 (0.5 P/m?) and TC4 (1.0
P/m?) on the structural mass per square meter (L/250, CC2, 0.5%)

By setting a lower traffic class and associated pedestrian density, it will be possible to design a
lighter and more slender bridge. For example, for a bridge with a span of 18 m and a depth to span
ratio of 0.050 (1/20), the structural mass will decrease from 220 kg/m? for TC4 (1.0 P/m?) to a
structural mass of 174 kg/m? and 126 kg/m? for respectively a TC3 (0.5 P/m?) and TC1 (0.1
P/m?).

In addition, the limit of 4.2 Hz for the first natural flexural frequency in loaded condition for a
pedestrian traffic will be reached more quickly, making it possible, for example, for bridges with
a span of 18 m and 24 m to be designed with a decreased depth to span ratio. Consequently, with
decreasing depth to span ratio, the deflection requirement under a uniformly distributed load will
become more important to the detriment of the comfort requirement.

5 Conclusions

This paper reports a parametric study on the influence of the serviceability limit state (SLS) design
requirements (i.e. the maximum live load deflection, the minimum first flexural vibration
frequency, the pedestrian comfort class) on the material consumption and self-weight of web-core
sandwich panel FRP composite footbridges. Little publicly available information provides
guidance into the relevant influential factors in the design, especially the material consumption in
relation to the overall dimensions, the depth to span ratio, the presence of non-structural
elements (surfacing, hand railing), and the design requirements. The paper describes the initial
design process of a typical web-core sandwich panel footbridge, focussing on the relevance of the
various design checks (SLS, ULS, accidental) on the overall material consumption at a given depth
to span ratio. It is clear that over a wide range of input parameters, only the SLS requirements are
relevant for the design of this bridge type, as could be derived from the unity checks for various
span and depth to span ratio values. Consequently, the final material consumption and achievable
depth to span ratio strongly depends on the code requirements. These requirements are non-
uniform over various international codes, but are shown to have a huge influence on the material
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consumption. For small spans (<10m), typically the live load deflection criterion is dominant and
its choice determines the material consumption. For large spans (>15m), typically the comfort
criterion is dominant, and for intermediate spans, both criteria can become dominant. It should
be noted, however, that the final results heavily depend on the input value of the damping factor,
which should be taken conservatively (0,5-1%) if no other test based value is available. In
addition, human induced damping is not included in current design procedures, which may lead
to a significant underestimation of the effective damping, especially for the higher traffic classes,
and consequently to over-design and excessive material consumption. The results contribute to
understanding the mechanical behaviour of this promising bridge type, point to the relevance of
the choice of SLS requirements in codes and to the lack of fully understanding the vibrational
behaviour currently adopted in calculation models, possibly leading to over-conservative designs.
The authors are aware that their findings are valid only for the particular geometrical, structural
and materials constraints, assumed in the parametric study, and that other parameters, not
considered by the authors, could be decisive in the design process.
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of 16 m (L/250, TC3, CC2)

Figure 12: Unity checks for a bridge span of 16 m and a damping ratio of 4.5%

Figure 13: Unity checks for a bridge span of 6, 12, 18 and 24 m (L/250, TC3, CC2, 0.5%)

Figure 14: Structural mass per square meter as a function of the depth to span ratio for different bridge spans (L/250, TC3, CC2, 0.5%)
Figure 15: Evolution of the first natural flexural frequency for different bridge spans (L/250, TC3, CC2, 0.5%)

Figure 16: Comparison in structural mass per square meter for a design based on CC2 and CC4 for different bridge spans (L/250, TC3,
0.5%)

Figure 17: Comparison in structural mass per square meter for a design based on damping ratio of 0.5% and 4.5% for different bridge
spans (L/250, TC3, CC2)

Figure 18: Influence of the useful width in the design of a GFRP web-core footbridge (L/250, TC3, CC2, 0.5%)
Figure 19: Influence of non-structural mass of the surfacing and handrail on the structural mass of the bridge (L/250, TC3, CC2, 0.5%)

Figure 20: Comparison between the structural mass of a bridge with simply supported (SS) and fully fixed/double clamped (FF)
boundary conditions for various bridge spans (L/250, TC3, CC2, 0.5%)

Figure 21: Comparison of the influence of a pedestrian traffic class TC1 (0.1 P/m?), TC3 (0.5 P/m?) and TC4 (1.0 P/m?) on the structural
mass per square meter (L/250, CC2, 0.5%)

Table captions

Table 1: Main properties of the constituent materials [31]

Table 2: Partial material factor for the specific resistance [31]

Table 3: Conversion factors for the different assessment aspects in ULS and SLS [31]

Table 4: Traffic loads on GFRP web-core footbridge

Table 5: Accidental loads on GFRP web-core footbridge

Table 6: Pedestrian traffic classes and densities [33]

Table 7: Comfort classes with vertical acceleration ranges [33]
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Table 8: Constants for the vertical acceleration with a pedestrian density of less than or equal to 0.5P/m

Table 9: Summary bridge dimensions calculation example
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Table 10: Characteristic values of a single UD E-glass/polyester composite layer
Table 11: Construction of the various laminates in the bridge

Table 12: Equivalent stiffness and strength for the laminates in the bridge
Table 13: Permanent loads on GFRP pedestrian and bicycle bridge

Table 14: First natural flexural frequency for five traffic classes

Table 15: Results for vertical acceleration and comfort class with a structural damping ratio of 0.5% and 1.0% for different traffic
classes
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