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ABSTRACT.

This paper deals with the presentation of a parametric study of the strengthening of

areinforced concrete footbridge with a layer of reinforced UHPFRC on its upper surface. In order to
increase its load carrying capacity, stiffness and durability, the design of strengthening with 50 mm
thick UHPFRC layer was carried out. The geometry of the analyzed structure is based on the real
structure. The parametric study solves its strengthening by considering different support options of the
structure and its degradation. The design and assessment was carried out in the form of nonlinear

numerical analysis using the FEM in Atena 3D.
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1. INTRODUCTION

The parametric study of the effect of strengthen-
ing [IH6] the reinforced concrete structure with a UH-
PFRC [7] layer was based on an existing reinforced
concrete footbridge. The existing footbridge is located
in the tank of a chemical plant and shows structural
damage after years of operation. The footbridge is
used to access the platform, which is located in the
centre of the chemical tank on 4 circular columns.
The footbridge is supported at one end by a cen-
tral platform and at the other end by the tank wall.
Both supports are considered to be fixed. For the
parametric study, two other methods of supporting
the footbridge were considered. The first considered
afixed support at the location of the central platform
and an hinged support at the tank wall. The second
method of support considered a hinge at each end
of the footbridge. The structure is symmetrical, see
Figure [T}

The parametric study was focused on the evalua-
tion of the influence of the 50 mm thick reinforced
UHPFRC layer on the upper surface of the reinforced
concrete structure. The load bearing capacity as
afunction of the degradation of the original structure
and the boundary support conditions was investigated.
The load bearing capacity of the strengthened struc-
ture was compared with the load bearing capacity
of reinforced concrete structure without degradation.
The study was carried out using nonlinear FEA [8HI0]
in Atena 3D software.

The footbridge has a length of 8.28 m and a rectan-
gular cross-section with a width of 1.2m and a height
of 0.6 m. One end of the footbridge is embedded in
a central reinforced concrete platform. The footbridge
is reinforced at both surfaces with 6 @22 mm bars,
which are supplemented by @8 mm stirrups at a dis-
tance of 400 mm. There is a 50 mm layer of concrete
on the footbridge, which serves as a footing and protec-
tive layer for the structure. This layer will be replaced
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FIGURE 1. Longitudinal sections and structural di-
agrams of the considered structural variants of the
footbridge.

by a UHPFRC layer to strengthen the structure. The
footbridge is made of C16/20 class concrete and the
reinforcing bars are made of 10 216 (E) class steel.
The design of the footbridge and its reinforcement is
shown in Figure[I] The degradation of the reinforced
concrete structure includes a reduction of the modulus
of elasticity and strength characteristics of the con-
crete as well as 15 % reduction of the reinforcement
cross-sectional area due to corrosion.

The new layer made of UHPFRC class C120 FR6
with 2% steel fibre content is then reinforced with
awelded 150/150 mesh made of @6 mm bars in the axis
of the slab with a thickness of 50 mm. The coupling
to the footbridge slab is carried out by the use of
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. E £, £, p
Material [GPa] [] [MPa] [MPa] [kgm?]
C16/20 Mean 29 0.2 24 1.9 2300
C16/20 Degraded 18 0.2 12 1 2300
C120 FR6 40 0.2 132 6.0 2600

TABLE 1. Material characteristics for concrete and UHPFRC.

. E fy fu €lim P
Material 1 Gpy) [MPa] [MPa] [] [kgm—]
B500 200 500 578 0.05 7850
10216 (E) 200 210 500 025 7850

TABLE 2. Material characteristics for concrete and UHPFRC.

#8mm coupling studs in the number of 8 pcsm™2

and alternatively with shear notches.

2. SPECIFICATIONS OF THE
PARAMETRIC STUDY

The basic division of the study is into three groups
based on the boundary conditions of the footbridge
support. The first group consists of the footbridge
fixed at both ends, the second group consists of the
footbridge hinged at one end and fixed at the other.
The last group consists of a footbridge with hinges at
both ends.

For each support option, several design settings are
analysed. The load bearing capacity of the structure
in the ideal state without strengthening is verified
as a reference state. The ideal condition represents
a structure without concrete degradation and with-
out reinforcement corrosion. Furthermore, the load
bearing capacity of the variously degraded structure
without and with strengthening is verified. The degra-
dation of the reinforced concrete footbridge always
consists of a reduction in the material properties of
the concrete (modulus of elasticity, tensile strength
and compressive strength), which is combined with
a 15 % reduction of the reinforcement cross-sectional
area, which represent reduction due to corrosion. Vari-
ants considering a degraded structure are subsequently
strengthened with a layer of UHPFRC of thickness
50 mm, which replaces the original concrete layer cov-
ering the footbridge surface. The UHPFRC layer
is considered with or without full shrinkage. Full
shrinkage is an option for monolithic construction,
construction without shrinkage is an option for pos-
sible prefabrication. Its coupling to the reinforced
concrete footbridge is created by using coupling studs
and, alternatively, in combination with shear notches.
Thus, 5analyses are performed for each variant of
boundary conditions.

3. NUMERICAL ANALYSIS

All of the above mentioned variants of the parametric
study are analyzed in Atena 3D. This is a program

that allows nonlinear FEA, specialised in concrete
structures, where it also allows the monitoring of the
possible development of cracks. The geometric, mate-
rial and contact types of nonlinearities are considered
in the calculations.

3.1. MATERIALS AND MATERIAL MODELS

For the purpose of the analysis, several materiel types
are considered using different material models [I1].
The material model “CC3D Cementitious 2” for nor-
mal concrete C16/20 is used and “CC3D Cementi-
tious 2 — User” for UHPFRC C120 FR6 with scattered
reinforcement is used. The material property values
are given in Table

The second group of materials are steel reinforcing
bars and coupling studs. The concrete reinforcement
is made of steel class 10216 (E), for the coupling studs
and reinforcement of the UHPFRC slab, reinforcement
of class B500B is considered. For both steel types the
material model “CC3D Reinforcement” [I1] is used.
The values of the material properties are given in
Table 2

3.2. NUMERICAL MODELS

Five models were created in software Atena 3D for
each variation of the boundary conditions of the foot-
bridge supports. For the footbridge with hinged sup-
port at both ends(Figure , the follow-up part of the
reinforced concrete platform is not considered in the
model.

The following models were created:

A) The first model consisted of a reinforced concrete
footbridge with ideal material properties and no
corrosion loss of the reinforcement. The dimensions
and reinforcement corresponds to that shown in
Chapter [1| (Figure .

B) The second model differs from the first only in
the material characteristics of the concrete used
(degraded concrete) and in the consideration of
15 % reduction of the reinforcement cross-sectional
area due to corrosion.

43



P. Knéz, M. Holy, J. Kolisko

ActA POoLYTECHNICA CTU PROCEEDINGS

C AR

v A

FIGURE 2. Numerical model of the reinforced concrete footbridge and part of the platform with reinforcement.

FIGURE 3. Numerical model with UHPFRC slab, its reinforcement and coupling studs.

FIGURE 4. Numerical model of reinforced concrete footbridge connected to a UHPFRC slab by shear notches.

FIGURE 5. Symmetrical half of the hinge-supported version of the footbridge.

C) The third model is based on the second model,
which has been strenghtened with a UHPFRC slab
that is coupled to the reinforced concrete structure
by using coupling studs. Shrinkage is considered
for the UHPFRC slab (Figure [3)).

D) The fourth model is identical to the third model,
except that shrinkage of the UHPFRC slab is not
considered.

E) The fifth model is again a strenghtened de-
graded reinforced concrete footbridge with a UH-
PFRC layer, in this case the coupling is created by
acombination of shear notches and coupling studs.
Shrinkage was not considered for this model (Fig-

ure @
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3.3. LOADS

In the calculation, the loads were divided into three
types:

e The first type of load was the dead weight of
the structure, which is calculated automatically
based on the specified volumetric mass of concrete
(2400 kgm—2), UHPFRC (2600kgm~3) and rein-
forcing bars (7850kgm™3).

e The second type of load is the remaining dead load.

This is only considered for models without a UH-
PFRC slab where there is a 50 mm layer of con-
crete on the footbridge — for these models a load of
1.25kNm™~2 is considered.

e The third type of load is the service load of the struc-
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ture. This is applied in increments of 1kNm™2
until the analysis fails. In addition to the maxi-
mum load values before failure, the deformations
for aservice load of 5 kN m~2, which is the standard
load value [12], are also monitored.

4. RESULTS OF THE PARAMETRIC
STUDY

The results of the parametric study of the strength-
ened reinforced concrete footbridge for different bound-
ary support conditions will be presented in the form
of tables. The tables show the deflection ug corre-
sponding to the model loaded with the service load.
They will also contain the maximum load Q4. and
the total deflection ues.

The chapter will be subdivided into sections ac-
cording to the boundary conditions of the footbridge
support into a section for a footbridge fixed at both
ends, a footbridge with one hinge support and a foot-
bridge with a hinge at both ends. The tables will then
label the different design options A to E according to
the list of numerical models in Section

4.1. FOOTBRIDGE FIXED AT BOTH ENDS

From the analysis of the footbridge in its ideal state,
we obtained information on the critical cross-section
of the structure (Figure @ The results of this design
option of the numerical model (A) serve as a reference
for the other design options.

FIGURE 6. Cracks on the footbridge fixed at both ends,
the critical section is at the point where the footbridge
is embedded in the tank wall (left support).

Near left support has occured failure for all design
options. Strenghtening variants using only shear studs
did not have a significant effect on the resulting stiff-
ness of the structure and these variants also show
a possible effects of shrinkage. The stiffness was in-
creased only for the variant using shear notches for
coupling.

In the case of the evaluation of the maximum load
bearing capacity, for the variants considering a de-
graded structure, a better load bearing capacity can
be achieved by any method of coupling.

When comparing the deformations from the applied
load, the design option considering shrinkage (C) have
higher deformations than the options (D, E) without
shrinkage.

By strenghtening the footbridge structure fixed at
both ends with a layer of UHPFRC on the upper

surface, an increase in the load carrying capacity can
be achieved for the degraded structure. The effect of
strengthening on the stiffness of the structure for nor-
mal service loads depends on the method of coupling
and shrinkage of the UHPFRC layer.

4.2. FOOTBRIDGE WITH ONE HINGE

From the analysis of the footbridge in the ideal condi-
tion with hinge support on one side and fixed support
on the other side, we obtained information about the
critical cross-section of the structure (Figure[7). The
results of this design option of the numerical model
(A) serve as a reference for the other design options.

FI1GURE 7. Cracks in a single-hinged footbridge, the
critical section is at the centre of the footbridge span.

For all design options, failure occurred in the middle
of the span of the footbridge. The conclusions from the
analysis of this variant of structure support are almost
identical to those for the footbridge fixed at both
ends. However, the resulting load bearing capacity of
the degraded structure after strengthening does not
reach the load bearing capacity of the reference model
(design option A).

By strengthening the footbridge with a layer of
UHPFRC on the upper surface, an increase in the
load-bearing capacity of the degraded structure can be
achieved. The effect of strengthening on the stiffness
of the structure for normal service loads depends on
the method of bonding and shrinkage of the UHPFRC.

4.3. FOOTBRIDGE WITH TWO HINGES

From the analysis of the footbridge in its ideal condi-
tion with hinged support at both ends, we obtained
information about the critical cross-section of the
structure (Figure . The results of this design option
of the numerical model (A) serve as a reference for
the other design options.

FI1GURE 8. Cracks in a two-hinged footbridge structure
(the symmetrical half of the structure was analysed),
the critical section is at the centre of the footbridge
span.

45



P. Knéz, M. Holy, J. Kolisko

ActA POoLYTECHNICA CTU PROCEEDINGS

. . u Usage QMax Usage  Uiot
Design option [m?n] %] [kN m~2] (%] [mm]
A) Footbridge in ideal state 0.63 100 30 100 18.1
B) Footbridge in degraded state 1.45 230 26 87 48.1
C) Reinforced footbridge. Coupled by studs. with shrinkage 1.93 306 30 100 27.6
D) Reinforced footbridge. Coupled by studs. without shrinkage  1.26 200 30 100 30.3
E) Reinforced footbridge. Coupled by shear nothes and studs 0.73 116 30 100 14.2

TABLE 3. Evaluation of the deformation and maximum load of the footbridge fixed at both ends.

. . u Usage QMax Usage  Uiot
Design option N N
A) Footbridge in ideal state 1.2 100 22 100 36.5
B) Footbridge in degraded state 4.2 350 17 7 34.9
C) Reinforced footbridge. Coupled by studs. with shrinkage 5.13 428 19 86 29.9
D) Reinforced footbridge. Coupled by studs. without shrinkage  3.51 292 19 86 28.1
E) Reinforced footbridge. Coupled by shear nothes and studs 1.86 155 21 95 23.2

TABLE 4. Evaluation of the deformation and maximum load of the single-hinged footbridge.

. . u Usage QnMax Usage  Uiot
Desten option N N
A) Footbridge in ideal state 11.3 100 10 100 58.9
B) Footbridge in degraded state 46.8 414 6 60 417
C) Reinforced footbridge. Coupled by studs. with shrinkage 10.4 92 11.5 115 598
D) Reinforced footbridge. Coupled by studs. without shrinkage 9.8 87 12.5 125 544
E) Reinforced footbridge. Coupled by shear nothes and studs 7.5 66 13 130 206

TABLE 5. Evaluation of the deformation and maximum load of the two-hinged footbridge.

For all design options of the two-hinged footbridge
analysis, failure occurred in the middle of the foot-
bridge span. For a service load of 5kNm~2, a reduc-
tion in deformation and therefore an increase in the
resulting stiffness of the structure was achieved for
the design options considering a degraded structure
coupled to a UHPFRC slab. Compared to the un-
strengthened degraded structure, the resulting values
are significantly better.

In the case of the maximum load bearing capac-
ity evaluation, for design options of degraded and
strenghtened structure a better load bearing capacity
can be achieved by any method of coupling than for
the unstrengthened structure in the ideal condition.
When comparing the degraded design option with
the options considering a strengthening plate, the
resulting load bearing capacity is significantly higher.

5. EVALUATION OF THE PARAMETRIC
STUDY

The parametric study was carried out for a total of 15
different design options and offers a range of compar-
isons. Here, a comparison of the load bearing capacity
and the stiffness of the different methods of footbridge
supports was made first. Subsequently, the contribu-
tion of the strengthening for each degraded design
option was evaluated.
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A critical point where failure should occur was pre-
dicted by analysing the ideal structural condition for
each type of footbridge supports. The critical section
for the structure fixed at both ends was the section
at the tank wall (at the left fixed support). For the
single-hinged structure, this was the mid-span of the
footbridge. For the footbridge supported by hinges,
the critical section is located in the centre of span.
The performed analyses confirmed these assumptions.
For all design options of each structural system, failure
occurred at the predicted location.

The comparison of the stiffness and load bearing
capacity of the individual variants of the footbridge
supports in the ideal condition was carried out for the
maximum achieved load bearing capacity Qmq. and
for the deformation (u.) from the applied service load
(5kNm™2). The reference is the load bearing capacity
of the footbridge fixed at both ends. The results are
given in Table [0}

max Usage u, Usage
Structural system [kl% m-2] [%]g [mum] [%]
Fixed support (both ends) 30 100 0.63 100
Hinged support (one side) 22 73.3 1.2 190.5
Hinged support (both ends) 10 33.3 11.3 1793

TABLE 6. Comparison of load bearing capacity and
stiffness of the analysed structural systems.
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Qmax Usage u, Usage
Structural system [kN m~2] (%] [mm] (%]
B) Footbridge in degraded state 26 100 1.45 100
C) Reinforced footbridge. Coupled by studs. with shrinkage 30 1154 1.93 133.1
D) Reinforced footbridge. Coupled by studs. without shrinkage 30 115.4 1.26 86.9
E) Reinforced footbridge. Coupled by shear nothes and studs 30 1154 0.73 50.3

TABLE 7. Comparison of load bearing capacity and stiffness of the footbridge fixed at both ends, 15 % reduction of

reinforcement cross-sectional area.

Qmax Usage u, Usage
Structural system [kN m—2] %] [mm] (%]
B) Footbridge in degraded state 17 100 4.2 100
C) Reinforced footbridge. Coupled by studs. with shrinkage 19 117.6 5.13 122.1
D) Reinforced footbridge. Coupled by studs. without shrinkage 19 117.6 3.51 83.6
E) Reinforced footbridge. Coupled by shear nothes and studs 21 123.5 1.86 44.3

TABLE 8. Comparison of load bearing capacity and stiffness of the single-hinged footbridge, 15 % reduction of

reinforcement cross-sectional area.

Qmax Usage u, Usage

1
Structural system [kN m-2] (%] [mm] (%]
B) Footbridge in degraded state 6 100 46.8 100
C) Reinforced footbridge. Coupled by studs. with shrinkage 11.5 191.7 10.4 22.2
D) Reinforced footbridge. Coupled by studs. without shrinkage 12.5 203.3 9.8 20.9
E) Reinforced footbridge. Coupled by shear nothes and studs 13 216.7 7.47 16.0

TABLE 9. Comparison of load bearing capacity and stiffness of the double-hinged footbridge, 15 % reduction of

reinforcement cross-sectional area.

Table [6]shows that, according to theoretical assump-
tions, the type of support where the footbridge is fixed
at both ends achieves the highest load capacity and
stiffness. The load bearing capacity of the structure
with a hinge on one side is 26.7 % lower and its defor-
mation is 90.5 % higher than for the structure fixed on
both sides. The variant with hinges at both ends has
clearly the lowest load bearing capacity and stiffness.
It has 66.7 % lower load bearing capacity and 1693 %
higher deformation than the footbridge fixed at both
ends.

Another comparison will be made for degraded
structures with a 15 % reduction of the reinforcement
cross-sectional area due to corrosion. The same param-
eters will be compared as in the case of the comparison
of structural systems, i.e. maximum load bearing ca-
pacity and deformation from the applied service load.
The evaluation is carried out for the footbridge fixed at
both ends in Table [7] for the single-hinged footbridge
in Table [§] and for the double-hinged footbridge in
Table 9] Design options B to E are always compared,
where the reference value is the load capacity and
stiffness of the unstrengthened structure (option B).

Tables show that in all cases the strengthening
of the structure increased its load-bearing capacity
and in most cases also reduced the deformation of the
structure from the applied service load of 5kNm™2.

In all cases, the best results were achieved by the pro-
posed coupling solution in the form of a combination
of shear notches with coupling studs (design option E).

For the variants of the footbridge fixed at both ends
and the footbridge with one hinge, the increase in load
bearing capacity is similar and ranges from 15-24 %.
The deformation is higher for the coupled structure
than for the un-coupled structure when considering
the shrinkage of the UHPFRC slab. Therefore, the
shrinkage mainly affects the stiffness of the structure,
the load bearing capacity is the same for the variant
with and without shrinkage.

The variant with hinged support at both ends has
a load bearing capacity for the unstrengthened and
degraded structure that is only slightly higher than
the comparative load for determining the deformation.
Therefore, the unstrengthened variant of the analysis
has a significant deflection for this load. The defor-
mation comparison is therefore somewhat biased. In
the case that we select the design option in the initial
condition for the double-hinged supported structure
for comparison (Table[6), we find that there is also an
increase in the load bearing capacity and stiffness of
the structure for all strengthened degraded structures.
Thus, the strengthening effect is most effective for the
hinged-supported structure (simple beam).
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6. CONCLUSION

The parametric study was aimed at monitoring the
effects of strengthening of existing reinforced concrete
footbridge with a 50 mm thick UHPFRC slab on the
upper surface. It investigated the effect of different pa-
rameters affecting the stiffness and load bearing capac-
ity of the footbridge (different methods of supporting
of the footbridge, the effect of concrete degradation
and reinforcement corrosion, the method of coupling
of reinforced concrete and UHPFRC and the effect of
shrinkage of the strengthening slab). An analysis of
the ideal state of the structure without strengthening
and concrete or reinforcement degradation was car-
ried out for each support option. This was followed
by an analysis for structures with degraded concrete
(lower modulus of elasticity, tensile and compressive
strength) and with a 15 % reduction in reinforcement
cross-sectional area due to corrosion. The structures
with degradation were then strengthened with UH-
PFRC slab. The structure was coupled either with
coupling studs only or with a combination of studs
and shear notches.

The results of the parametric study show that the
effect of the UHPFRC strengthening layer on the top
surface has a different positive effect on the behaviour
of the structure for different support types. The most
pronounced benefit of the strengthening is for a struc-
ture with hinges at both ends, where the strengthening
layer is located in the compression region of the cross-
section and the excellent compressive properties of
the UHPFRC can be exploited to the maximum.

When designing the strengthening, it is necessary
to take into account the possible effect of shrinkage
of the UHPFRC strengthening layer and to select
the optimum coupling method. Although the use of
a combination of shear notches with coupling studs
leads to a significantly higher overall stiffness of the
final composite structure, it is much more challenging
to implement.
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