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ABSTRACT: Reinforced concrete slabs of bridges, parkings or industrial buildings show
premature damage due to severe environmental and mechanical loading. This paper briefly
describes a variety of application cases where slabs were strengthened by adding a layer of
strain-hardening Ultra High Performance Fiber Reinforced Cementitious Composite material
(UHPFRC), 30 to 60 mm in thickness, to the top of the slab, thus creating a monolithic
composite section increasing the bending and shear resistance of the element. An additional
benefit is that UHPFRC has extremely low permeability and thus serves as waterproofing layer
protecting the slab from environmental influences. In Switzerland, this technology is applied for
more than 10 years to increase the structural resistance and durability of reinforced concrete
slabs and other structural members. This new technology is implemented in practice through the
recently published Swiss Recommendations for UHPFRC construction.
Keywords: Composite section, Ultra-High Performance Fiber Reinforced Cementitious
Composite (UHPFRC), Strengthening, Strain hardening, UHPFRC layer, Protective coating,
Wearing surface, Ductal®.
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INTRODUCTION

Reinforced concrete structures generally show satisfactory performance in terms of structural
behavior and durability, except for the zones that are exposed to severe environmental
influences and high mechanical loading such as reinforced concrete slabs of bridges, parkings or
industrial buildings.
Rehabilitation of deteriorated concrete structures is a heavy burden from the socio-economic
viewpoint since it leads to significant user costs. Therefore, new concepts and technologies for
the rehabilitation and strengthening of concrete structures must be developed. Concrete
structures have to be improved; repair is insufficient.
Ductal® is an Ultra-High Performance Fiber Reinforced Cementitious Composite materials
(UHPFRC) with excellent mechanical properties. Cast as relatively thin layers on an existing
reinforced concrete slab to form a monolithic composite element, Ductal® acts as an external
reinforcement, increasing the bending and shear resistance. An additional benefit is that
UHPFRC has extremely low permeability and thus serves as waterproofing layer protecting the
slab from environmental influences.

In Switzerland, this technology is applied for more than 10 years to increase the structural
resistance and durability of deck slabs of bridges, buildings and other structures. These
applications are based on comprehensive methodologies and follow now design, construction
principles and rules according to the Swiss Recommendations for UHPFRC construction [1].
This paper presents the basic concept of the UHPFRC strengthening technology, discusses
briefly Ductal® material properties and demonstrates the versatility of this new technology by
means of briefly described applications.
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BASIC CONCEPT OF THE UHPFRC STRENGTHENING TECHNOLOGY

The basic conceptual idea (developed in 1999 by the third author) is to use UHPFRC only in the
zones of the structure where the outstanding UHPFRC properties in terms of durability and
strength are fully exploited; i.e. UHPFRC is used to strengthen the structure where it is exposed
to severe environmental conditions (e.g. de-icing salts, marine environment, chemical attack)
and high mechanical loading (e.g. concentrated forces, wear, fatigue, impact). Parts of the
structure that are subjected to relatively moderate exposure remain in conventional structural
concrete. This concept is applicable both to rehabilitate and strengthen existing structures and to
build new structures [2].
Slabs are strengthened by adding a layer of UHPFRC to the top of the slab, thus creating a
monolithic composite section (Fig. 1). The combination of the UHPFRC protective and
mechanical properties with the steel reinforcing bars (reinforced UHPFRC or R-UHPFRC)
provides a simple and efficient way of increasing the stiffness and structural resistance capacity
while keeping compact cross sections.

Figure 1. Basic configuration of composite structural elements combining R-UHPFRC and conventional
RC: left: UHPFRC layer (thickness 25 to 40mm) has a protective function only; middle: R-UHPFRC
layer (thickness of 40 to 80mm or more) has both structural resistance and protective functions; right:
UHPFRC – concrete core showing the perfect bond between the two materials.

Depending on the structural and material properties of the composite system, more or less
pronounced built-in tensile stresses in the range of 3 to 6 MPa (or about 30 to 60% of the elastic
limit stress) are induced in the UHPFRC layer due to restrained deformations at early age. These
built-in stresses are resisted (without crack formation) thanks to the strain hardening behavior of
UHPFRC.
Consequently, the tensile behavior of UHPFRC is of first importance to realize composite
structural elements without crack formation. In the present article, UHPFRC exhibits
pronounced strain hardening behavior which is only obtained for steel fiber contents of more

than 3% in volume and using short steel fibers (high modulus of elasticity) with a slenderness
higher than 65. (Other materials – so called UHPC – are not suitable for the applications
presented in this paper.)
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REQUIRED UHPFRC TENSILE PROPERTIES

As illustrated in Figure 2, the uniaxial tensile behavior of UHPFRC is divided into three phases:
First, the material is elastic up to the elastic limit stress fUte, with typical values ranging from 7
to 10MPa for currently used UHPFRC.
Second, it goes into a strain-hardening phase characterized by fiber activation accompanied by
multiple very fine micro-cracking of the matrix. The material still behaves like a continuum.
Strain hardening domain may reach strains εUtu of 2 to 5‰ while the tensile strength fUtu ranges
from 8 to 14MPa.
The third phase starts upon the formation of a discrete macro-crack in the post-peak domain
where strain softening occurs. The maximum crack opening wUt,max equals to about half of the
fiber length, i.e. 6 to 8mm, when no more tensile stress is transferred.

Figure 2. Characteristic tensile behavior of a) UHPFRC and b) R-UHPFRC.

The mechanical response of fibrous materials such as UHPFRC is application dependent.
Anisotropic fiber orientation can be enforced by the casting procedure of the materials or the
thickness of the UHPFRC layer to be cast. This has to be considered in the design.
The main reasons to complement UHPFRC by steel reinforcing bars (to be placed in the main
stress direction only) are a significant improvement of the tensile behavior of plain UHPFRC
and a reduction of unfavorable effects of anisotropic fiber orientation. Small diameter steel
reinforcing bars (arranged with relatively small spacing) provide in-plane continuity to the
UHPFRC layer and ensure its monolithic action with the RC element in flexural members. The
rebars increase not only the resistance but also improve the deformation capacity and strain
hardening behavior of UHPFRC. Thus, the reinforcing bars enhance the apparent UHPFRC
tensile behavior.
The global tensile behavior of R-UHPFRC can be described by the linear superposition of the
steel rebar and the UHPFRC tensile behaviors (Fig. 2). Localization of the deformation in one

macro-crack occurs at the start of yielding of the reinforcing steel. This was observed to be
independent of the steel grade of the reinforcement since the magnitude of strain hardening of
UHPFRC falls into the range of the yield strain of steel rebars.
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UHPFRC TYPE DUCTAL®

4.1

Ductal® portfolio

UHPFRC is a high performance building material whose properties are obtained using highquality raw materials and applying a rigorous production procedure. The Company
LafargeHolcim has developed two families of UHPFRC material: Ductal®, developed by
Lafarge in France since 1994 and the “Holcim 707/710”, developed on fundamental findings
from a joint industry-university research project (conducted from 2003 to 2005 by the second &
third authors) using selected raw materials available in Switzerland.
Since the merger in 2015, all UHPFRC commercialized by LafargeHolcim are branded Ductal®
and the portfolio of products offers a large range of UHPFRC to give an answer for every
application with different consistencies. For UHPFRC casted in formworks and on horizontal
surfaces the product possesses a high flowability while for coating and strengthening of bridge
slabs the casting needs a thixotropic material suitable for slopes up to 13%. Both products are
available within the two structural types UA & UB defined by the Swiss Recommendations [1].
Table 1. Type of UHPFRC defined in the Swiss Recommendations [SIA2052:2016]

Type
fUtek

MPa

fUtuk/fUtek
εUtu

‰

fUck

MPa

U0

UA

UB

≥ 7.0

≥ 7.0

≥ 10.0

> 0.7

> 1.1

> 1.2

> 1.5

> 2.0

≥ 120

≥ 120

≥ 120

Thanks to numerous applications, design engineers, material producers and contractors gained
an extensive experience in on-site casting of UHPFRC. Project consulting in the initial phase of
a project has proved itself as an important factor for successful applications. Consequently, the
UHPFRC producer company LafargeHolcim has a team of consultants that accompany
UHPFRC application projects.
4.2

Mix and properties

UHPFRC mixes typically contain large quantities of high-quality cement, micro-silica and fine
quartz sand with a maximum grain size of 0.6 mm and optimized particle size distribution in
order to obtain high packing density. The water/cement ratio is between 0,15 and 0,20. The
components are mixed using a high performance superplasticizer to obtain the ultra-compact
matrix. This matrix is strengthened with straight steel fibers of 13 to 15 mm length with an
aspect ratio of 65 and higher, with a dosage of 3 to 4% in volume.
Testing using methods as commonly used for concrete, revealed the following UHPFRC
properties related to durability: extremely low air permeability and water conductivity, very
high resistance against freeze-thaw-cycles, sulfates and AAR. In addition, increased resistance

against acid liquids has been determined: 0.20mm according to the ESW-Test (reference value
for high resistance concrete: 1.0mm).
The fire resistance of UHPFRC was tested showing that UHPFRC has similar fire resistance
like concrete. For specific applications, addition of polypropylene fibers turned out to be
effective since standardized fire tests showed that spalling could be avoided.
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APPLICATIONS

In the following, a selection of applications in Switzerland is briefly described to show the
versatility of UHPFRC technology to improve severely exposed concrete slabs. In all
application cases, strain-hardening UHPFRC from LafargeHolcim was cast; UHPFRC
properties were verified by means of quality assurance tests as given in [1]. To ensure perfect
bond between UHPFRC layer and concrete substrate, the surface of the concrete substrate was
always roughened by high pressure water jetting and water saturated before UHPFRC casting.
5.1

Coating of short span railway bridge slabs between Immensee and Arth-Goldau

In the years 2012 and 2013, the slabs of 7 short span railway bridges were coated with a 40mm
thick UHPFRC layer to obtain a wearing and waterproofing surface with long term durability
making future interventions superfluous (Fig. 3, left). The owner, the Swiss Federal Railways
expects a significant economic gain over the life-cycle of the bridges and the railway line.
The UHPFRC casting works revealed the robustness of the UHPFRC mix allowing for easy
casting also on sites with difficult accessibility. Regular fresh UHPFRC workability properties
could be obtained while applying the given flexibility in the mixing instructions, i.e. in adding
the right quantity of superplasticizer and water to the dry pre-mix.

Figure 3. left: UHPFRC coating on a short span railway bridge; right: manual UHPFRC casting on
Moudon Viaduct.

5.2

Strengthening and rehabilitation of Jupiter-Street Bridge in Bern

The static system of this bridge used for combined road and tramway traffic was modified from
a system of massive post-tensioned hollow core slabs including a single span Gerber beam to a
monolithic frame structure (Fig. 5). By means of R-UHPFRC, the two Gerber joints were
blocked and bending capacity of the hollow core slabs was increased. In addition, the RUHPFRC also serves as waterproofing layer.

The strengthening and rehabilitation works were performed in 2014. Filling of the Gerber joints
was realized with flowable UHPFRC mix while the UHPFRC layer on the slab was cast with
the mix allowing for slope stability of 3 %. Subsequently, rolled asphalt was placed on the
UHPFRC layer.

Figure 4. Jupiter-Street highway overpass; right: UHPFRC surface after curing.

5.3

Waterproofing and strengthening of the deck slab of a parking at Versoix

The 800 m2 large deck slab of a parking house had to be strengthened due to planned increase
in live loads. Strengthening included in particular zones of insufficient shear punching
resistance [3]. Conventional strengthening methods using reinforced concrete or carbon fiber
lamellas turned out to be laborious, invasive, statically not efficient and costly.
Casting of a 50 mm thick layer of R-UHPFRC turned out to be technically efficient since the
permanent loads (dead loads) did not increase significantly. In addition, waterproof UHPFRC
layer (without cracks) had to be realized as the slab is subjected to environmental exposure and
deicing salts. Also, the works had to be performed while respecting a relatively short
intervention period. The result was satisfactory from an aesthetic viewpoint. Cost savings were
about 20 % compared to the cheapest conventional method.

Figure 5. Waterproofing and strengthening of the deck slab of a parking: situation, manual casting and
curing with a plastic foil.

5.4

Waterproofing of the Cudrex Bridge at Bussigny

Cudrex Bridge with very high traffic volume during weekdays, had to be rehabilitated. As the
traffic could only be interrupted over a period of 32h at 8 weekends during the summer months,
the UHPFRC turned out to be the only efficient technology to waterproof and strengthen the
deck slab and the kerbs of the bridge. The application of the Ductal® UHPFRC technology
avoided the construction of an auxiliary bridge and saved more than 50% of the budget when

compared to traditional rehabilitation methods. The viaduct could reopen only 18h after the
casting of a 30mm thick UHPFRC layer. The waterproofing of the slab and the kerbs protects
the reinforced concrete against deicing salt (chloride ions) and guarantees enhanced durability
of the bridge.

Figure 6. left & middle: Kerb before and after intervention. right: manual UHPFRC casting.

5.5

Strengthening of the Chillon Viaducts [5]

Located in Switzerland, the Chillon viaducts are two parallel posttensioned concrete highway
bridges built in the late 1960s. To insure structural safety for future traffic demands, it was
decided to strengthen the slab by adding a layer of R-UHPFRC acting as an external tensile
reinforcement for the slab and main girder.
The concept implemented in 2014/15 consisted in casting one layer of R-UHPFRC on the deck
slab (Fig. 7) to achieve the following beneficial effects:
− increase the slab’s ultimate (bending and shear) resistance in the transverse direction
− increase the slab’s stiffness to reduce fatigue stresses in steel rebars in the concrete
− increase the hogging bending moment resistance and the stiffness of the box girder
− provide waterproofing to protect the existing concrete of the slab from water and chloride
ingress, thus improving durability
− limit duration of the intervention.

Figure 7: Geometry of the box girders’ cross-section.
The investigation of two 2.1 km viaducts showed AAR issues in the concrete of the cantilevered
bridges. The only available and economical solution to reinforce those viaducts appear to be the
casting of a 45-50 mm layer of R-UHPFRC with rebars in main tensile direction to strengthen
the thin 12 cm slab. Up to 80 cbm Ductal® were produced on site every day and placed with a
finisher.

All listed requirements and structural functions were realized by the casting of just one layer of
R-UHPFRC using a machine (Fig. 8). The large volume of 2’350m3 of fresh UHPFRC was
produced on-site in a ready-mix plant. During the summers 2014 and 2015, the UHPFRC layer
was cast over the two 2’120 m long viaducts, each in less than 30 working days.

Figure 8: UHPFRC casting machine (left) and fresh UHPFRC layer after casting (right)
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CONCLUSIONS

The UHPFRC technology combines efficiently the protection and resistance properties of
UHPFRC to improve structural concrete leading to significantly improved structural resistance
and durability.
The selection of briefly described applications using strain hardening UHPFRC demonstrates
the effectiveness of the UHPFRC strengthening technology in terms of technical solution,
duration of works as well as intervention costs and life-cycle economy.
Obviously, this original concept should also be applied for the construction of durable new
reinforced concrete structures.
In Switzerland, the introduction of the Recommendations SIA 2052 on UHPFRC construction
will lead to general application of this new technology by the profession. This standard was
recently introduced to the profession and presented together with a series of applications both
for improving existing structures and the construction of new R-UHPFRC structures [4].
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