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Abstract

Built in the mid-1970s, the Riddes viaduct is an important viaduct in the Canton
of Valais in Switzerland. Thorough inspection of the viaduct revealed structural
deterioration of concrete due to alkali–aggregate reaction, as well as corrosion of
the prestressing tendons. In an effort to restore the structural integrity of the
viaduct, a retrofit intervention that consists of adding a 50 mm layer of an
Ultra-High Performance Fibre Reinforced Concrete (UHPFRC) to the deck
was proposed. The layer is characterized by its low permeability and excellent
mechanical properties. The contribution of the overlay to the load-carrying
capacity and stiffness of the viaduct was investigated through a continuum
finite element model. Results of the model revealed that the UHPFRC layer
significantly enhances the flexural and torsional strength and stiffness of the
box girder and ameliorates tensile cracking. The retrofit intervention was
deemed beneficial, and the rehabilitation process was carried out.

Keywords: UHPFRC; bridge rehabilitation; structural deterioration; bridge
inspection; continuum finite element modelling

Introduction

Highway bridges and viaducts are a
class of Reinforced Concrete (RC)
structures that are particularly prone
to deterioration processes. This is due
to their exposure to severe environ-
mental conditions as well as the load
modification that occurs over their life-
span. Structural rehabilitation is
required to enhance the lifespan of
such structures, which can incur signifi-
cant economic costs. As a result, novel
rehabilitation techniques that require
minimum intervention have been
developed over the past decade.1,2

These techniques incorporate Ultra-
High Performance Fibre Reinforced
Concrete (UHPFRC), characterized
by its high compressive (>150 MPa)
and tensile (>10 MPa) strength,3,4 as
well as its extremely low permeability
and high resistance to aggressive
environmental influences.5

Over the past two decades, the
implementation of UHPFRC-based
bridge rehabilitation has gained trac-
tion around the world. In The Nether-
lands, the orthotropic bridge deck of
Van Brienenoord Bridge was
reinforced with a 50 mm thick
UHPFRC overlay that led to signifi-
cant stress reduction in the steel deck
and the extension of its service life.6

Similar rehabilitation techniques have
been implemented in Slovenia,7

Germany8 and Switzerland.9 In par-
ticular, the strengthening of the
Chillon viaduct in Switzerland with a
UHPFRC overlay was shown to
augment the ultimate resistance of
the deck in the transverse direction as
well as its flexural stiffness. The
overlay also provided a waterproof
layer, thereby limiting the progression
of Alkali–Aggregate Reactivity
(AAR).10 In the United States, the
installation of a UHPFRC overlay
was conducted to repair the deterio-
rated deck of Laporte Road Bridge.11

Other UHPFRC-based rehabilitation
techniques included the use of prefab-
ricated UHPFRC elements such as the
thin prefabricated slabs that were
employed to reinforce the deck of the
Grand Pont of Thouaré-sur-Loire in
France.12

In this article, a real-life rehabilitation
of an existing viaduct by means of a
UHPFRC layer is presented. The
Riddes viaduct is located in the
Canton of Valais, Switzerland, and
was the subject of severe structural
deterioration. The state of the viaduct
and damage prior to rehabilitation is
first described and assessed, and a ret-
rofit intervention is proposed. A Con-
tinuum Finite Element (CFE) model
of a portion of the viaduct is then
developed to evaluate the contribution
of the UHFPRC layer to the response
of the deck. In particular, vertical
deflections at the serviceability and
ultimate limit states are examined.
Moreover, the box girder cross-sec-
tional stresses and crack propagation
are compared between the initial and
UHFPRC reinforced scenarios.
Finally, a detailed description of the
rehabilitation process is presented.

Description of the Viaduct

The Riddes viaduct, located on the T9
Martigny–Sion cantonal road, crosses
the Rhône valley as shown in Fig. 1.
The general layout and geometry of
the viaduct is described by Ref. [13]
Referring to Fig. 2, the viaduct spans
four passages: the SBB Simplon rail
line (in orange), the N09 motorway
(in green), the plain (in violet) and
the river Rhône (in magenta). Four
ramps, forming a diamond-shaped
junction, connect the viaduct to the
N09 motorway platform (see Figs. 1

Fig. 1: The Riddes viaduct. Left: location in the Rhône valley. Right: view of the main
viaduct near the junction
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and 2). The total length of the viaduct,
with its ramps and two 1250 m long
parallel bridges, is around 3300 m,
which makes it one of the longest
bridges in the Canton of Valais. The
viaduct consists of a multi-span box
girder separated into eight sections
by means of pavement joints. Typical
span lengths range between 24 and
28 m. Over the N09 motorway and
the river Rhône, the span lengths
increase to 40 and 53 m, respectively.

The deck of the main viaduct is
19.60 m wide and composed of two
reinforced and prestressed concrete
box girders with a constant height
of 1.45 m. Each box girder accommo-
dates two traffic lanes. For the river
Rhône section, a variable-height
box girder that extends over the
adjacent spans above the banks is
employed. The deck of the ramps
constitutes a box girder as well,
whose width is reduced to 8.45 m to
accommodate one traffic lane and
one shoulder.

In total, the structure is supported by
132 concrete piers. The piers are hexa-
gonal in shape with heights ranging
between 5 and 10 m. Each pier is sup-
ported on a diaphragm wall with a
depth of around 10 m. The piers are
connected to the deck through load
bearings. A few fixed bearings are uti-
lized at each section of the viaduct to
guarantee horizontal stability.

The bridge was designed by Compag-
nie d’Études et de Réalisations Tech-
niques SA (CERT ingénierie). It is
the property of the Swiss Federal
Road Office (FEDRO) and the
Canton of Valais. The viaduct was put
into service in the mid-1970s as part
of the Riddes bypass. In the 1990s,
major maintenance work was already
necessary to replace curbs, water-
proofing, pavement, roadway expan-
sion joints and some supporting

structures. In 2018, the INGPHI
office was mandated by FEDRO and
the Canton of Valais to carry out the
upgrading of the structure as part of
the “EP Martigny & Environs”
project aiming at the rehabilitation of
the A9 freeway in Martigny.

Condition of the Viaduct
Prior to Intervention

The condition of the viaduct was
assessed through visual inspection
inside the box girders in accordance
with SIA 269.14 Additionally, both
destructive (i.e. concrete core extrac-
tion) and non-destructive tests were
conducted to evaluate the mechanical
and microscopic properties of

concrete, concrete spalling, the chlor-
ide content, and the mechanical prop-
erties of the steel reinforcement, the
prestressing tendons and the encom-
passing grout. The inspection revealed
significant damage in the concrete that
rendered the deck prone to water
ingress. Damage included cracking
and spalling of the concrete cover. In
fact, in some spans, cracks were even
observed along the path of the pre-
stressing tendons despite the high
level of prestress in the box girders.
Corrosion of the deck reinforcing
bars was also noted. This was
accompanied by extensive delamina-
tion of concrete in the vicinity of the
heavily corroded reinforcement at
both the top and bottom flanges (see
Fig. 3). Furthermore, the integrity of

Fig. 2: General layout (plan view) of the viaduct

Fig. 3: Observed damage inside the box girder of the viaduct. Top right: corrosion of the top
flange reinforcement and extensive spalling of concrete. Top left: corroded strands inside a
prestressing duct that was opened during inspection. Bottom: spalling of concrete and AAR
inside the box girder
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the prestressing tendons was assessed
at several locations in order to deter-
mine the level of corrosion as well as
the physical and chemical quality of
the injection grout. To that end, the
level of alkali–aggregate reactivity
was diagnosed both visually and
through microscopic and mechanical
analyses of the concrete properties. It
was shown that corrosion had occurred
in four out of six prestressing tendons
at certain locations in the web of the
box girder as illustrated in Fig. 3, and
several tendons were either severed
(i.e. actively cut) or slack. The destruc-
tive tests revealed that moderate to
severe corrosion occurred in 22 out of
the 182 drilled holes. Moreover, chlor-
ide-contaminated water ingress was
detected along the length of some
tendons: 65 of the 182 drilled holes
showed chloride content in the grout,
of which 18 exceeded 0.4% of the
weight of cement.

The AAR had developed throughout
the whole structure and foundations
to a designated pathological level as
per Ref. [3]. The tested concrete cores
revealed that the elasticity modulus of
the concrete had decreased by around
25%. Regarding water infiltration, it
was revealed that the water-tightness
of the bearing slab was inadequate
and that the water drainage system
inside the box girders had many
defects. These findings were confirmed
by the high chloride levels (up to
1.3% of the weight of cement) that
were measured in the concrete.

The observed damage in the box
girders necessitated a ban on access
for heavy traffic over 3.5 tonnes,
which was implemented in July 2019.

Proposed Retrofit
Intervention

In view of the conducted investigation,
a retrofit intervention was deemed
necessary in order to restore vital
traffic on the bridge and delay the
development of the AAR degrading
mechanisms. The intervention aimed
at optimizing the financial investment
for the reduced remaining lifespan of
the viaduct. Accordingly, considering
the size of the viaduct and to limit
the extent of the interventions, traffic
on the main viaduct had to be modified
by reducing the number of lanes in
each direction from two to one. This
implied that the right segments over
the SBB Simplon rail line, the plain
and the river Rhône, which were in a
worse condition, should be put out of
service as illustrated in Fig. 4.

The main intervention on the pre-
served decks comprised the installa-
tion of a reinforced and waterproof
layer of UHPFRC.

The UHPFRC consisted of a fibre
content of at least 3% by volume con-
forming to SIA 205215 requirements
for class UB-C120. The measured 28-
day mean compressive and ultimate
tensile strengths were 167 and
14.2 MPa, respectively. Additionally,
the consistency test revealed a slump
diameter of 500 mm.

The overlay had a theoretical thickness
of 50 mm and was cast over the entire
length of the deck slab, in accordance
with Ref. [1] as well as Ref. [16]. The
reinforcing bars in the overlay con-
sisted of B500B Ø12 spaced at
150 mm in both the longitudinal and

transverse directions. The strength
enhancement and contribution of the
UHPFRC layer to the overall behav-
iour of the viaduct was examined
through a Continuum Finite Element
(CFE) model as described in the
upcoming section.

Continuum Finite Element
Model

Modelling Approach

This CFE model specifics of a section
of the Riddes viaduct passing over
the plain are described herein. This
section of the viaduct comprises 12
straight spans, each with a length of
25.84 m. For the sake of computational
efficiency, three spans were modelled,
and traffic loads were applied on the
middle span as illustrated in Fig. 5.
The commercial finite element soft-
ware ANSYS®17 was used for this
purpose.

Referring to Fig. 5, the deck, piers and
UHPFRC layer were meshed with
first-order brick elements, SOLID185.
Sweep meshing was employed to
produce elements with reasonable
aspect ratios. Moreover, the mesh was
refined in the middle span where
traffic loads were applied. For the box
girder corresponding to the middle
span, four elements per flange/web
thickness were employed. On the
other hand, the two edge spans were
meshed with a coarser mesh. Reinfor-
cing bars in the concrete deck and the
UHPFRC layer were modelled using
a smeared approach. To account for
the effects of prestressing in the deck,
the prestressing tendons were modelled

Fig. 4: Left: box girder to which the intervention was implemented. Right: box girder taken out of service
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using discrete REINF264 elements.
Prestressing was applied through an
initial strain state that corresponds to
80% s0, where s0 is the assumed
level of prestress (70% of the yield
stress) right after constructionwas com-
pleted in 1976. This assumption is based
on past measurements18 that revealed
that prestress losses of up to 20% may
occur due to long term creep and
shrinkage. Figure 5 shows that fixed
boundary conditions were assumed at
the base of the piers. The deck was con-
nected to the piers via bearings that
allowed rotation in the longitudinal
direction while restraining it along the
transverse direction.

Material Behaviour

Material nonlinearity was employed in
the middle span only. The two edge
spans were assigned elastic material
properties. The material behaviour of
concrete and UHPFRC was simulated
through the Menétrey–Willam multi-
axial constitutive law19 available in
ANSYS.17 The model simulates the
damage in concrete under a multiaxial
stress state. The concrete grade was

C35/45. The mean compressive and
tensile strengths of the extracted con-
crete cores were 55 and 1.85 MPa,
respectively. Furthermore, since the
tests revealed severe AAR, and in
order to account for additional antici-
pated damage in the 30-year service
life, the material properties of the con-
crete were reduced.10 These include
the modulus of elasticity Ecm, which
was reduced from 34 to 25 GPa, the
characteristic compressive strength
fck, which was reduced to 25 MPa,
and the mean tensile strength fctm,
which was reduced to 1 MPa. Since
the failure mode of the deck is gov-
erned by tensile cracking in the
bottom flange of the box girder, it
was imperative that the behaviour of
concrete under tensile cracking was
modelled reasonably well. Hence, the
specific fracture energy derived as per
fib Model Code 201020 was reduced
to 56 Nm/m2 to account for the
decrease in the total energy dissipated
by fracture as a result of the decrease
in the tensile strength of concrete.
For UHPFRC, the characteristic
material properties in SIA 205215

were used. Note that, owing to its

high ductility, the specific facture
energy of UHPFRC is 20,000 Nm/m2

as per SIA 2052.15 A trilinear isotropic
material hardening law was applied to
the deck reinforcement as well as the
prestressing tendons. Furthermore,
corrosion in reinforcement that was
noted in several regions of the box
girder was considered by reducing the
yield and ultimate strength of the
bars by 10%. While the fibres in the
UHPFRC were not modelled expli-
citly, the enhanced compressive resist-
ance, tensile resistance and ductility
of UHPFRC compared to normal
strength concrete were accounted for
through the material parameters
given in SIA 2052.15 The material
properties of the concrete, UHPFRC,
deck reinforcement and prestressing
tendons are summarized in Table 1.

Degradation Scenarios

The viaduct was analysed under four
different scenarios: A, B, AR and BR,
as summarized in Table 2. Degradation
in concrete and reinforcement was
accounted for as described earlier.
The corrosion and damage that was

Fig. 5: Continuum finite element model schematic. Top: geometry, element types and boundary conditions. Bottom: applied load on the
midspan
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detected in the tendons was accounted
for by reducing the effective area of
the prestressing tendons. Both asym-
metric and symmetric degradation
scenarios were considered. In scenarios
A/AR, the effective area of all prestres-
sing tendons was reduced by a third,
whereas scenarios B/BR account for
50% loss in the effective area on the
east web of the box girder and the
resulting asymmetric response. Note
that concrete cracking due to corrosion
of failure of prestressing strands was
not modelled explicitly. However, the
aforementioned reduction in the mech-
anical properties of concrete can
capture the effects of corrosion-
induced cracking.

Loading Sequence

The modelled portion of the viaduct
was loaded in five stages. A force-con-
trolled method was employed for the
analysis. In the first stage, the self-

weight of the viaduct was applied
along with the superimposed dead
load from the curbs and guard rails
(5.5 kN/m). Prestressing of the
tendons was implemented at this
stage. In the second stage, a uniform
load corresponding to the deck
coating (1.68 kN/m2) was applied. In
the scenarios with reinforcement
(AR/BR), the UHPFRC layer, along
with its self-weight, were added to
the model during this stage. The third
and fourth stages constitute the servi-
ceability (rare combination, SLSrare)
and ultimate limit states (ULS)
according to the load combinations
shown in Eqs. (1) and (2), respectively:

SLSrare = 1.0G+ 1.0Gs + 1.0P

+ 1.0LM1 (1)

ULS = 1.15G+ 1.15Gs + 1.0P

+ 1.5LM1 (2)

in which G is the self-weight of the
viaduct, Gs is the superimposed dead
load, P is the prestress, and LM1 is
the live traffic load corresponding to
load model 1 according to SIA 269.14

The values of the uniform distributed
traffic load as well as the tandem
system loads are shown in Fig. 5.
Finally, in the fifth stage, the middle
span was loaded until failure up to
1.5ULS.

Pre-deformations in the deck due to
creep and shrinkage were not con-
sidered in the model. This is because
the concrete deck has experienced
severe AAR deterioration, cracking
and spalling, and hence the quantifi-
cation of creep deformation is
deemed inaccurate. Moreover, the
modulus of elasticity of concrete has
been reduced by 30% to account for
the deterioration in the concrete.
Further reduction in the elastic
modulus of concrete to account for
creep may lead to an overestimation
of the stiffness enhancement due to
the addition of UHPFRC reinforce-
ment. Accordingly, it was decided not
to reduce the elastic modulus of con-
crete to account for creep.

Contribution of the
UHPFRC Layer to the
Behaviour of the Deck

The influence of the UHFPRC layer
on the behaviour of the midspan is
visible through the load–displacement
curves shown in Fig. 6. The load was
normalized with that at ULS and the
deflection, dv, was tracked at
midspan. In addition, the vertical dis-
placement of the cantilever wing to
which the tandem live load was
applied was also tracked. Since non-
linear material behaviour was con-
sidered in the model, dv includes both
the elastic and inelastic components.

Referring to Fig. 6, the addition of a
UHPFRC layer significantly influences
the response, particularly at normalized
loads gk exceeding 1.0. In the unrein-
forced scenarios A and B, the run was
terminated at gk = 1.44 and 1.46,
respectively, owing to excessive plastifi-
cation in the bottom flange and at the
tip of the cantilever wing. Capping of
the ultimate load, indicative of the
failure load, was observed. On the
other hand, both reinforced scenarios
attained gk = 1.5. Hence, the load-car-
rying capacity of the reinforced span is
at least 1.5ULS.

Scenario

Prestressing cables
Deck slab

reinforcementWest web East web

0: No degradation 3 × 12T14
Ap =

4032 mm2

3 × 12T14
Ap =

4032 mm2

No

A: Symmetric degradation Ap =
2688 mm2

Ap =
2688 mm2

No

B: Asymmetric degradation Ap =
4032 mm2

Ap =
2016 mm2

No

AR: Symmetric
degradation

Ap =
2688 mm2

Ap = 2688
mm2

50 mm UHPFRC
overlay

BR: Asymmetric
degradation

Ap =
4032 mm2

Ap =
2016 mm2

50 mm UHPFRC
overlay

Table 2: CFE model analysis scenarios: A, B, AR and BR

Grade
ρ (kg/
m3)

E
(GPa)

fc
(MPa)

fcb
(MPa)

fct
(MPa)

Gf (Nm/
m2)

Concrete C35/
45

2400 25a 25a 29.4 1a 56

UHPFRC UB 2400 50 120 129.6 12 20,000

Grade ρ (kg/
m3)

E
(GPa)

fy
(MPa)

fu
(MPa)

εu (%) Gf (Nm/
m2)

Reinforcement B500B 7850 205 450a 486a 4.8 –

Tendons Y1770 7850 195 1520 1770 2.9 –
aReduced to account for anticipated damage due to AAR and corrosion of reinforcement over the
30-year service life.
ρ = density; E = elastic modulus; fc = compressive strength of concrete; fcb = biaxial compressive
strength as per fib Model Code 2010;20 fct = tensile strength; Gf = specific fracture energy; fy = yield
strength (0.1% proof yield for the prestressing tendons); fu = ultimate tensile strength; εu= strain at
ultimate tensile strength.

Table 1: Material parameters used in the continuum finite element model
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Table 3 shows that, at the midsection,
the vertical deflection at the serviceabil-
ity limit state was reduced by around
15% owing to the addition of the
UHPFRC layer. Nonetheless, the
deflection was negligible even in the
unreinforced scenarios and the span-
to-deflection ratio exceeded 1000. The
cantilever wing, on the other hand,

experienced large deflections in the
unreinforced scenarios: the span-to-
deflection ratios were 120 and 126 for
scenarios A and B, respectively. This is
due to the tensile cracking that
occurred at the cantilever support.
The addition of the UHPFRC layer
enhanced the flexural resistance of the
cantilever, thereby delaying the onset

of tensile cracking at the cantilever
support. The cantilever deflection sig-
nificantly decreased by up to six times.
Similar behaviour was observed at
ULS and at the end of loading, where
failure of the cantilever occurred in
the unreinforced scenarios.

At the ultimate limit state and
beyond, a rapid increase in the deflec-
tion at midsection was observed in
the unreinforced scenarios as shown
in Table 3. This is due to the propa-
gation of tensile cracks from the
bottom flange to the web of the box
girder. Additionally, the box girder
near the piers experienced tensile
cracking in its top flange and top
part of the web. As such, the flexural
rigidity of the box girder diminished
at the pier locations leading to exces-
sive span-to-deflection ratios (around
136) at the end of loading. The
UHPFRC layer augmented the
hogging flexural resistance of the
box girder near the piers. This
resulted in around a 40% reduction
in the deflection at midsection com-
pared to the unreinforced scenarios
at ULS and at the end of loading.
To illustrate the increase in hogging
bending resistance of the box girder
at the pier location further, the mid-
section stresses were traced at
SLSrare and ULS at the middle of
the north pier.

The mean element stresses along the
depth were plotted along the depth
of the box girder as shown in Fig. 7.
Note that these plots are only indica-
tive since they do not show the stress
across the width of the cross section
and the stress redistribution that
occurs following plastification.
Nevertheless, it was observed that,
for the unreinforced scenarios (A
and B), the stresses in the top flange
were low and capped at around
1.0 MPa. The stress distribution was

Fig. 6: Normalized load–displacement curves for the different scenarios. Top: symmetric
degradation of the prestressing tendons. Bottom: asymmetric degradation of the prestressing
tendons

Midsection,
dv (mm) Cantilever wing, dc(mm)

Scenario A AR B BR A AR B BR

SLSrare 21 18 23 20 20 3 19 4

ULS 62 35 59 38 35 9 35 11

1.5 ULS 190a 112 188b 110 203a 30 223b 37

aValue at 1.44ULS.
bValue at 1.46ULS.

Table 3: Vertical displacement values at various levels of loading
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similar at SLSrare and ULS, which
indicates capping of the hogging
moment. For the reinforced scen-
arios, the peak tensile stresses were
4 and 3 MPa at SLSrare and 7 and
6 MPa at ULS for scenarios AR and
BR, respectively. The cross section
was able to resist a higher hogging
moment at ULS without any plastifi-
cation in the UHPFRC layer. More-
over, the addition of the UHFPRC
layer shifted the neutral axis
upwards, which resulted in a decrease
in the tensile stresses and hence
tensile cracking in the web. In fact,
the web of the box girder was sub-
jected to compressive stresses as
shown in Fig. 7.

The crack pattern and crack width
were traced at ULS. The latter is

defined by the following equations:21

dcr = 1 p1 · hcr (3)

hcr =
���
Ve

3
√

(4)

in which dcr is the crack width, 1p1 is
the element mean maximum principal
plastic strain, hcr is the crack band-
width and Ve is the element volume.

For brevity, only scenarios A/AR are
shown herein. Figure 8 illustrates that,
in the unreinforced scenario (A),
severe cracking occurred at the edge
of the loaded cantilever wing, around
the piers and at midspan. The crack
widths exceeded 0.3 mm. The crack
pattern revealed crack propagation in
the top flange around the piers and

towards the web of the box girder. On
the other hand, in the reinforced scen-
ario (AR), crack propagation was
limited to the bottom region of the
box girder at midspan and crack
widths were within 0.15 mm. The integ-
rity of the top flange of the box girder
(beneath the UHFPRC layer) and the
regions in the vicinity of the piers was
maintained. This explains the lower
deflections observed in the reinforced
scenario at ULS compared to the
unreinforced scenario, as mentioned
earlier. Moreover, in scenario AR
with aUHPFRClayer, no tensile crack-
ing occurred in the top flange at the
support of the loaded cantilever wing
as opposed to the unreinforced scen-
ario.Accordingly, the failure of the can-
tilever wing that was observed in the
unreinforced scenario did not occur.

The finite element analysis revealed
that the installation of a 50 mm thick
UHPFRC layer on top of the deck
augmented both the flexural and tor-
sional stiffness of the midspan,
thereby leading to a reduction in the
vertical deflections and tensile
cracking.

Rehabilitation Process

The viaduct was maintained in an
unpropped state during the rehabilita-
tion process. Installation of the reinfor-
cing layer was conducted by first
milling and removing the pavement
and waterproofing. This was followed
by hydrodemolition of the entire
wearing surface to a thickness of
20 mm in order to remove the
damaged concrete and create a rough
surface for bonding the UHPFRC.
Near the curbs, grooves were made to
bond the UHPFRC layer to the exist-
ing reinforcement. The UHPFRC was
laid by hand and directed towards
grooves made in the deck slab (see
Fig. 9).

To complete the retrofit process of the
viaduct, the pavement and pavement
drainage system were reconstructed.
Mastic Asphalt (MA) with an
average thickness of 80 mm was
applied directly on top of the
UHPFRC layers on the viaduct and
ramps after treating the surface with
very-high-pressure water jets. Further-
more, the inside surface of the bottom
flange of the box girders, which
showed severe degradation, was retro-
fitted with a 60 mm thick layer of

Fig. 7: Stress distribution along the centreline of the box girder section at the North pier. Top
left: SLSrare, scenarios A/AR. Top right: ULS, scenarios A/AR. Bottom left: SLSrare, scen-
arios B/BR; bottom right: ULS, scenarios B/BR
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reinforced UHPFRC. These repairs
were deemed necessary to enhance
the flexural resistance of the box
girder sections under sagging and
hogging bending, as well as the stiff-
ness of the deck slab. The intervention
also provides waterproofing of the
concrete to limit the further develop-
ment of AAR.10

Additional reinforcement was pro-
vided as part of the retrofitting
process. The edge spans of the ramps
at each end were longitudinally
reinforced under bending by means
of PFRC laminates bonded to the
underside of the bottom flange. More-
over, the spans of the viaduct that
connect the ramps to the N09 motor-
way were overloaded and hence criti-
cal in terms of flexural strength. At
three particular regions, additional
external prestressing was implemented
to compensate for losses in the pre-
stressing tendons due to corrosion.
The external prestressing consisted of
a seven-stranded cable attached
inside the box girder along a trapezoi-
dal path.

Conclusions

This article provides an example of the
use of UHPFRC for strengthening
large scale structures that have been
subject to severe degradation, and the
methodology employed to numerically
simulate the damage and retrofit inter-
vention. The study was conducted on
the Riddes viaduct in the Canton of
Valais in Switzerland. The viaduct
was first thoroughly inspected to
assess the structural deterioration,
and a retrofit intervention that mainly
involved a 50 mm UHPFRC overlay
was proposed. The contribution of
the UHPFRC to the performance of
the viaduct was then assessed by
means of a CFE model. There follows
a summary of the main observations
and findings.

. Visual inspection and accompanying
non-destructive and destructive tests
revealed that the deterioration of
concrete due to AAR had reached
a pathological level. Chloride-con-
taminated water ingress was detected
along the tendons. Moreover, moder-
ate to severe corrosion was identified
in several prestressing tendons with
some either severed or slack. The
deterioration of the deck had pro-
gressed to the point where mainten-
ance action was necessary in order

Fig. 8: Crack pattern at ULS: comparison between the (top) original section, scenario A and
(bottom) section with UHPFRC overlay, scenario AR

Fig. 9: Retrofit intervention in the Riddes viaduct. Top: installation of the UHPFRC layer on
the deck (© Adrien Pilet, reproduced with permission). Bottom left: installation of the
UHPFRC layer inside the box girder. Bottom right: application of MA on top of the
UHPFRC layer on the deck slab
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not to reduce the service life and
service load of the viaduct.

. The addition of a UHPFRC layer
increased the ultimate flexural resist-
ance of the deck by at least 50% of
the capacity at ULS. The simulations
showed that the unreinforced deck
experienced severe cracking in the
bottom flange and at the tip of the
cantilever wing at ULS, leading to
failure at 1.45ULS. On the other
hand, minimum damage in the deck
was observed in the UHPFRC-
reinforced scenarios.

. From a serviceability perspective, the
installation of the UHPFRC layer on
top of the deck enhanced the flexural
and torsional stiffness of the viaduct.
Prior to reinforcement, performance
under service loads was not compli-
ant with the requirements of SIA
260.22 Excessive deflection occurred
at the tip of the cantilever (span-to-
deflection ratio lower than 130). The
UHPFRC layer led to a reduction
of the cantilever deflection by up to
six times. Similarly, at the midsection,
the vertical deflections were reduced
by 40% at ultimate limit state.

. The tensile stresses in the UHPFRC
layer were found to be three to
seven times higher than those in
the top flange of the unreinforced
box girder resulting in an upward
shift in the neutral axis and a
higher hogging bending resistance
near the piers.

. Severe cracking was observed at
ultimate limit state in the unrein-
forced scenarios (crack widths
greater than 0.3 mm) compared to
the reinforced scenarios in which
crack propagation was limited to
the bottom region of the box girder
at midspan (crack widths less than
0.15 mm). Furthermore, the integ-
rity of the top flange of the box
girder (beneath the UHFPRC
layer) and the regions in the vicinity
of the piers was maintained in the
reinforced scenarios. The alleviation
of flexural cracking of the deck not
only reduced water infiltration, but
also enhanced the flexural stiffness
of the deck, and hence also the
lower midsection deflections at ULS.

The rehabilitation process described in
the article was completed in less than a
year, making it possible to reopen the
viaduct to heavy traffic in December
2021. This feat, despite the extent of
the damage, was made possible
thanks to the mastery of the technical

solutions by all the stakeholders.
Nevertheless, to manage the risks, the
operation of the viaduct is conditional
on the implementation of specific
structural health monitoring systems.
The article demonstrates the signifi-
cant benefits that UHPFRC retrofit-
ting provides while being both time
and cost efficient. These advantages
necessitate the development of a sys-
tematic procedure for UHPFRC inter-
vention in order to facilitate and
encourage its implementation by prac-
tising structural engineers.
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