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Abstract

An original concept is presented for the durable rehabilitation and strengthening
of concrete structures. The main idea is to use ultra-high performance fibre rein-
forced concrete (UHPFRC) complemented with steel reinforcing bars to protect
and strengthen those zones of the structure that are exposed to severe environ-
mental influences and high mechanical loading. This concept efficiently combines
the protection and resistance properties of UHPFRC and significantly improves
the structural performance of the rehabilitated concrete structure in terms of
durability. The concept has been validated by means of field applications, dem-
onstrating that the technology of UHPFRC is now well developed for cast in situ
and prefabrication using standard equipment for concrete manufacturing. This
novel technology is a step forward towards more sustainable structures.

Keywords: existing concrete structures; rehabilitation; strengthening; ultra-high
performance fibre reinforced concrete; composite UHPFRC-RC structures;

durability; ultimate resistance.

Introduction

Reinforced concrete (RC) structures
show excellent performance in terms
of structural behaviour and durability
except for the zones that are exposed
to severe environmental influ-
ences and high mechanical loading.
Rehabilitation of deteriorated con-
crete structures is a heavy burden from
the socio-economic viewpoint since it
leads to significant user costs. As a con-
sequence, novel concepts for the reha-
bilitation of concrete structures must
be developed. In the future, sustain-
able concrete structures will be those
requiring just minimum intervention
for preventive maintenance with no or
little service disruptions.

Over the last 10 years, considerable
efforts to improve the behaviour of
cementitious materials by incorporat-
ing fibres have led to the emergence
of various types of ultra-high per-
formance fibre reinforced concrete
(UHPFRC). These novel building
materials provide the structural engi-
neer with a unique combination of
properties: extremely low permeability
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that prevents the ingress of detrimental
substances such as water and chlorides!
and high strength including compres-
sive strength higher than 150 MPa and
tensile strength higher than 10 MPa.
The tensile behaviour shows signifi-
cant strain hardening and softening
behaviour.?

Consequently, UHPFRC has an
increased resistance against severe
environmental influences and high
mechanical loading. Thus, this building
material can be used to significantly
improve structural resistance and
durability of concrete structures.

This paper presents an original concept
for the rehabilitation and strengthen-
ing of concrete structures. The con-
cept is described and some scientific
background regarding the structural
behaviour of RC elements strength-
ened with UHPFRC is given. Finally,
this novel technology is validated by
means of applications. This paper sum-
marizes more than 12 years of research
and development of a new technology
to improve concrete structures.

Conceptual Idea

The basic concept is to use UHPFRC
only in the zones of a structure where
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 con-
ditions (e.g. de-icing salts, marine envi-
ronment) and high mechanical loading
(e.g. concentrated forces, fatigue,
impact). Parts of the structure that are
subjected to relatively moderate expo-
sure remain in conventional structural
concrete. This concept is applicable
both to rehabilitate existing structures
and to build new structures. It neces-
sarily leads to composite structural
elements combining conventional RC
and UHPFRC.

The protective and mechanical proper-
ties of UHPFRC combined with steel
reinforcing bars (reinforced UHPFRC
or R-UHPFRC) provides a simple and
efficient way of increasing the stiff-
ness and structural resistance capacity
while keeping compact cross sections

(Fig. 1).

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 30 to 60% of the elastic
limit strength fij.) are induced in the
UHPFRC layer owing to restrained
deformations at an early age. This
state of stress needs to be analysed and
evaluated but is usually resisted by the
UHPFRC without crack formation.

The original concept (developed in
1999) has been investigated by means
of extensive research activities aimed
at characterizing the properties of
UHPFRC and the structural behav-
iour of R-UHPFRC-RC composite
structural members, combining mate-
rial and structural engineering sci-
ences. The concept is well suited for
bridges, buildings, galleries, tunnels
and retaining walls.

Composite R-UHPFRC-RC
Sections

Mix Design and Fresh UHPFRC
Properties

UHPFRC mixes typically contain 650
to 1400 kg/m® of cement as well as
microsilica and fine quartz sand with
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Fig. 1: Basic configuration of composite structural elements combining R-UHPFRC and

conventional RC
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Fig. 2: Tensile behaviour of UHPFRC: material laws for elastic-strain hardening behaviour

and for softening behaviour

a maximum grain size of 0,5 mm. The
water/binder ratio is between 0,13
and 0,17. The components are mixed
using a superplasticizer to obtain an
ultra-compact matrix. More recently,
limestone filler was used to replace a
significant amount of cement and to
improve workability, leading to more
economic and environmentally friendly
UHPFRC.? This matrix is strengthened
with straight steel fibres of 10 to 15 mm
length with an aspect ratio of 50 to 80,
with a dosage of at least 3% in volume.

UHPFRC has excellent rheological
properties in the fresh state, allowing
easy casting of the self-compacting
fresh material with conventional con-
creting equipment, on the construction
site and in the prefabrication plant.

Tensile Behaviour of UHPFRC
and R-UHPFRC

Plain UHPFRC

Asillustrated in Fig. 2, the uniaxial ten-
sile behaviour of UHPFRC is divided
into three phases:

First, the material is elastic up to the
elastic limit strength fi;, with typical
values of 7 to 11 MPa for the currently
used UHPFRC. Second, it goes into a
strain-hardening phase characterized

by fibre activation accompanied by
multiple (non-visible) microcrack-
ing of the matrix. The material still
behaves as a continuum. Significant
strain-hardening behaviour is only
obtained with a fibre content of at
least 3% by volume. The strain-hard-
ening domain may reach strains &y
of 2 to 5% while the tensile strength
fur reaches values ranging from 9 to
15 MPa. The third phase starts upon
the formation of a discrete macro-
crack at ultimate resistance, and strain
softening begins. The maximum crack
opening Wy max €quals about half of
the fibre length, i.e. 5 to 8 mm. With
these openings, no more tensile stress
is transferred. For a given elastic ten-
sile strength fiy, the tensile hardening
and softening behaviours of UHPFRC
depend on the bond, aspect ratio, con-
tent and random orientation of the
straight steel fibres.*>

The fractured surface of a UHPFRC
specimen after a tensile test shows
numerous steel fibres, pulled out
from the matrix. The corresponding
work to pull out these fibres explains
the relatively high specific fracture
energy Ggy of UHPFRC gtypically
ranging from 20 to 30 kJ/m?). A sig-
nificant part of the work of fracture
of UHPFRUC is dissipated in the bulk
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of the material during the strain-hard-
ening phase.

The mechanical response of fibrous
materials such as UHPFRC is applica-
tion dependent. Anisotropic fibre ori-
entation can be enforced by the casting
procedure or the width and shape of
the moulds. This has to be considered
in the analysis of test results and in
design. Adding reinforcing bars to the
UHPFRC reduces this anisotropic
fibre orientation.

In the present article, UHPFRC
implies, in particular, materials with a
pronounced strain-hardening behav-
iour as this is an important prop-
erty for applications in composite
members.

R-UHPFRC

The main reasons to complement
UHPFRC by steel reinforcing bars are
a significant improvement of the ten-
sile behaviour of plain UHPFRC and
a reduction of the scatter in the mate-
rial properties. Small diameter steel
reinforcing bars (arranged with rela-
tively small spacing) provide in-plane
continuity to the UHPFRC layer and
ensure its monolithic action with the
RC element in flexural members.>®
The rebars not only increase the resis-
tance but also improve the deforma-
tion capacity and strain-hardening
behaviour of UHPFRC. Thus, the rein-
forcing bars enhance the apparent ten-
sile behaviour of UHPFRC.

The overall tensile behaviour of
R-UHPFRC can be described by lin-
ear superposition of the steel and the
UHPFRC tensile behaviours (Fig. 3).
The deformation is localized to one
macrocrack at the start of yielding of the
reinforcing steel. This was observed to
be independent of the steel grade of the
reinforcement. The magnitude of strain
hardening of UHPFRC falls into the
range of the yield strain of steel rebars.
This property makes it possible to com-
bine UHPFRC with high yield strength
reinforcing bars (700 MPa or above).

The use of reinforcing bars with dif-
ferent steel grades and surface char-
acteristics, i.e. ribbed and smooth
bars, showed that pre-peak behaviour
is independent of the bond strength
and that crack spacing is controlled
by the fibre reinforcement. Relative
to ribbed reinforcing bars, smooth
rebars have lower bond strength,
allow for larger post-peak deforma-
tions and avoid localized stress con-
centration in the softening UHPFRC
macrocrack.
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Fig. 3: Characteristic tensile behaviour of R-UHPFRC

Structural Response of R-UHPFRC-
RC Composite Beams

Behaviour in Bending

When in tension, the R-UHPFRC
layer principally acts as an added
flexural reinforcement for the RC
element. Both the steel rebars and
the UHPFRC contribute to the resis-
tance. RC beams strengthened with
an R-UHPFRC layer are character-
ized by a significant increase in the
stiffness and the ultimate resistance.
This increase depends on the type and
strength of the steel reinforcement.>
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The bond between UHPFRC and
concrete is obtained by preparing the
concrete support surface with high
pressure water jet or sand blasting. It is
sufficient to avoid separation between
UHPFRC and concrete. In fact, in all
fracture tests there was no separation
along the interface zone beyond the
ultimate resistance and significantly
into the post-peak domain. Since there
is no slip between the two layers, shear
connectors would not be effective.

The plastic post-peak rotation capacity
of strengthened RC beams is reduced

Strains

€U hard [

by the UHPFRC layer. With an appro-
priate design of the UHPFRC rein-
forcement, the reduction in plastic
rotation capacity can be controlled.
Smooth bars bring the least reduction,
and ribbed bars the highest. The use of
smooth high yield strength reinforc-
ing bars in the UHPFRC layer offers
a large increase in resistance while the
post-peak rotation capacity remains
high.

The structural behaviour of composite
sections subjected to bending and the
ultimate bending moment are calcu-
lated using the conventional model for
RC with an extension to account for
the R-UHPFRC layer (Fig. 4).37

When in compression, the R-UHPFRC
layer acts as a compression chord
but the high UHPFRC compressive
strength of about 200 MPa cannot be
fully exploited in R-UHPFRC-RC
members. This is why compressive
behaviour of UHPFRC requires less
attention in the case of R-UHPFRC-
RC members.

Behaviour Due to Combined Bending
and Shear

When subjected to combined bending
and shear, R-UHPFRC-RC members
develop close to the ultimate resistance

&uU

Fig. 4: Determination of ultimate moment of R-UHPFRC-RC members
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Fig. 5: Intermediate-crack-induced delamination (ICD) in R-UHPFRC-RC elements subjected to combined bending and shear
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a so-called intermediate crack induced
delamination (ICD) zone (Fig. 5). This
ICD zone is, in fact, the softening of the
connection between the two elements.®
The relative vertical movement of the
RC segments separated by inclined
flexure-shear cracks generates pry-
ing stresses on the R-UHPFRC layer.
These stresses are resisted by the
R-UHPFRC tensile element bending
in double curvature and forming two
hinges above the end zones of the ICD.

Working against the R-UHPFRC,
the opening and full development of
a flexural-shear crack in the RC ele-
ment leads to a flexure-shear collapse
mechanism of the composite member.
The R-UHPFRC element contributes
to the member resistance before and
after the formation of the flexure-
shear collapse mechanism.

Theultimateresistance of R-UHPFRC-
RC beams and slabs subjected to com-
bined bending and shear depends on
the shear span-depth ratio (a/d), the
ratio of shear reinforcement (stir-
rups) in the RC element, the longitu-
dinal reinforcement, namely, the steel
rebars and the UHPFRC section and
finally the bond characteristics of each
reinforcement, including that of the
UHPFRC layer, which is influenced
by the ICD zone.

The contribution of the tensile
R-UHPFRC element is twofold: first,
the element resists the out-of-plane
prying stresses by bending in double
curvature. Second, by acting as an exter-
nal tensile reinforcement, the element
controls the width of cracks in concrete,
thus increasing the shear resistance.

Both mechanisms are inversely related
to the length of the ICD zone between
the RC and the R-UHPFRC elements.
While the former mechanism contrib-
utes to the shear resistance after a
flexure-shear failure, the latter is then
replaced by the tensile membrane
action of the R-UHPFRC reinforce-
ment. Analogous to the longitudinal
tensile rebars, the vertical component
of the tensile force in the deformed
R-UHPFRC element contributes to
the shear resistance of the member.
The post-peak flexure-shear failure
mechanism is of interest in the design
of structures that require structural
redundancy and the ability to redis-
tribute loading after a local failure,
thus preventing progressive collapse.

Models were developed to predict the
ultimate resistance and the pre-peak
deformation capacity of the beams.”!’

Fatigue Behaviour

Series of experiments were performed
on plain UHPFRC and R-UHPFRC
specimens as well as R-UHPFRC-
RC composite beams. Tensile fatigue
tests with constant amplitude cycles
were conducted on plain UHPFRC
specimens up to 10 million cycles. The
objective was to determine the endur-
ance limit of UHPFRC. These fatigue
tests revealed that this limit exists in all
three domains of the UHPFRC tensile
behaviour (i.e. elastic, hardening and
softening) at S-ratios ranging from 0,70
to 0,45, S being the ratio of the maxi-
mum fatigue stress to the elastic limit
strength of UHPFRC.!' Rather large
variations in local specimen deforma-
tions were measured during the tests,
which indicates significant stress and
deformation redistribution capacity of
the UHPFRC bulk material.

The fatigue fracture surface of
UHPFRC showed features of fatigue
fracture surfaces known from steel, i.e.
fatigue crack propagation is identified
by a smooth surface while final frac-
ture leads to a rather rough surface.
Various fatigue damaging mechanisms
due to fretting and grinding as well as
tribocorrosion were identified.

The fatigue tests on R-UHPFRC
showed internal stress distribution.
The measured growth of the deforma-
tion of R-UHPFRC was attributed to
the stiffness degradation of UHPFRC
caused by microcracking in the hard-
ening domain. The fatigue fracture
process of R-UHPFRC specimens was
finally determined by fatigue fracture
of steel rebars.

The results of bending fatigue tests
on R-UHPFRC-RC beams (Fig. 6)
revealed the existence of a fatigue
limit at 10 million cycles at a solicita-
tion level of about 50% of the ultimate
static strength of the R-UHPFRC-RC
beam. At fatigue solicitation levels
above this value, the fatigue life was
rather short and no relevant fatigue
strength seemed to exist.

Fatigue fracture process of
R-UHPFRC-RC beams was deter-
mined by fatigue fracture of steel rebars
in the R-UHPFRC layer. Consequently,
fatigue design rules for R-UHPFRC-
RC members under bending fatigue
need to account for steel rebar and
UHPFRC fatigue resistances.

Applications

Introduction

Since 2004, UHPFRC was applied
more than 20 times in Switzerland
(and in one case in Slovenia'?) on
existing RC structures: on bridge deck
slabs as thin watertight overlays (in
replacement of currently used water-
proofing membranes) as well as on
bridge and building slabs as reinforce-
ment layers in R-UHPFRC. This layer
provides structural resistance capacity
for bridge elements and slabs in build-
ings without increasing the dead load
of the structure.

Specific parts of reinforced concrete
structures such as crash barrier walls
on highway bridges, bridge piers and
retaining walls suffer from severe
exposure to concrete aggressive

Fig. 6: Bending fatigue test set-up on R-UHPFRC-RC composite beams (beam length:

1900 mm, depth: 220 mm)
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Fig. 9: Rehabilitation of a bridge deck of an underpass with UHPFRC: slope 5%, average
external temperature of 5°C

substances such as de-icing salts and
impact-like action. Such elements usu-
ally show insufficient durability when
built with conventional reinforced
concrete. Again, UHPFRC is suitable
to establish the required durability and
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mechanical performance of such struc-
tural elements.

Waterproofing of Bridge Deck Slabs

The first field application of UHPFRC
in 2004 was for the rehabilitation and

widening of a short-span road bridge
with busy traffic.'>!* The entire deck
surface of the bridge was rehabilitated
in three steps (Fig. 7).

Firstly, the downstream curb was
replaced by a prefabricated UHPFRC
curb on a new reinforced concrete
beam, which was necessary for the wid-
ening. Secondly, the chloride-contami-
nated concrete of the upper surface
of the bridge deck was replaced by
30 mm of UHPFRC in two consecutive
steps so that one traffic lane could stay
open. Finally, the concrete surface of
the upstream curb was replaced with
30 mm of UHPFRC.

The fresh self-compacting UHPFRC
material was prepared at a local con-
crete prefabrication plant with a stan-
dard mixer, brought to the site by a
truck and then poured on the deck
surface prepared with high-pressure
water jetting (Fig. 8). The UHPFRC
was easy to produce and to place with
standard tools and very robust and tol-
erant to the unavoidable, peculiar site
conditions.

The bituminous pavement was applied
on a bituminous emulsion placed on
the UHPFRC surfaces after 8 days of
moist curing, and the corresponding
lane was reopened to traffic the next
day. The bridge was fully reopened
to traffic 1 month after the beginning
of the construction work. The protec-
tive function of the UHPFRC layer
was verified by air permeability tests.
Material tests confirmed the expected
mechanical properties of UHPFRC.

One challenging application of
UHPFRC took place in late fall 2010
on a heavily trafficked road with
20000 vehicles per day and per lane
and with slopes of 5% on the bridge
deck (Figs. 9 and 10). The UHPFRC
mix is self-compacting and can be
cast on slopes with 5% inclination.
This application helped the owner
to save about 30% on construction
costs when compared to conventional
intervention methods by avoiding an
expensive and long re-profiling pro-
cedure of the concrete road in front
of and behind the bridge to accom-
modate the position of the rebars
unexpectedly close to the road sur-
face in the upper face of the deck and
to reduce the duration of interven-
tion (and thus traffic restriction) to
only 14 days per lane.

Several more applications follow-
ing the same principle have been
conducted under various weather

Structural Engineering International 4/2013



Fig. 10: Rehabilitation of a bridge deck with UHPFRC: tight geometrical constraints for

rebars
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Fig. 11: (a) Typical cross section of the crash barrier wall and (b) view after rehabilitation

(Units: mm)
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F

Fig. 12: (a) Rehabilitation and strengthening of a bridge deck slab with reinforced UH P-
FRC; (b) drivable UHPFRC surface

conditions and construction site con-
straints. Fresh UHPFRC has also been
mixed at the construction site. By opti-
mizing additives, maximum slopes of
up to 10% could be cast with this self-
compacting material.

Protection of Vertical Surfaces

A layer of UHPFRC has been applied
to the concrete crash barrier walls of a
highway bridge covering the areas sub-
jected to splash exposure (Fig. 11). The
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main design requirement was to obtain
long-term durable crash barrier walls
since traffic interruption for future
rehabilitation interventions are pro-
hibitive because of the very high traffic
volume on this highway. Long-term
durability is obtained when transverse
macro-cracks in the UHPFRC layer
are absent and the permeability of the
UHPFRC layer to ingress of water and
chloride ions is extremely low.

The rheological properties  of
UHPFRC were adapted for easy pour-
ing into the 30 mm wide by 1,20 m high
formwork.

The UHPFRC is bonded to the exist-
ing reinforced concrete wall, and
the early-stage deformations of the
material (mostly due to thermal and
autogenous shrinkage) are restrained.
Consequently, an internal stress state
builds up in the composite element
with tensile stresses in the UHPFRC
layer reaching maximum values of
7 to 9 MPa, obtained from numeri-
cal analysis.”>!® These tensile stresses
are resisted by the UHPFRC without
crack formation as confirmed by visual
inspections after the application.

The next application consisted in fab-
ricating 40 mm thick UHPFRC shell
elements to form an outer protection
shield for an existing 40-year-old rein-
forced concrete bridge pier severely
damaged by chloride-induced rebar
corrosion. The joints between the dif-
ferent UHPFRC shell elements were
glued using an epoxy resin. This pier is
located in the middle of a busy high-
way, making it virtually not accessible
for future maintenance interventions.

Strengthening of Slabs

As a first example, the deck slab of a
over 70-year-old reinforced concrete
bridge of high cultural value had to
be rehabilitated and strengthened to
accommodate future traffic demands
of a village in a mountainous area.
The intervention consisted in cast-
ing a layer of R-UHPFRC on top of
the deck slab with the objective of
improving the durability and restoring
the structural safety (Fig. 12). Gravel
was dispersed on the fresh UHPFRC
to obtain the level of roughness of the
surface required to make it fit for road
traffic.

As a second example, the 50-year-old
drivable reinforced concrete floor
of a fire brigade building had insuf-
ficient load-carrying capacity in view
of heavier future fire engines. The

Scientific Paper 455



40
80

200
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Fig. 14: Massive slab bridge strengthened using R-UHPFRC over piers (dark areas)

concept for increasing the structural
capacity of the existing slab of 720 m?
was to pour a 40 mm thick UHPFRC
layer on top of the existing RC slab in
replacement of the existing cementi-
tious overlay (Fig. 13). The UHPFRC
layer leads to a thicker load-carrying
slab providing better distribution of
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local wheel loads, increase in static
height and high strength material to
resist both compression and tension
stresses.

The use of UHPFRC turned out to
be a very economic solution (com-
pared to the conventional solution of
slab demolition and reconstruction).

In addition, the utilization of the fire
workers building was only slightly
restricted during the intervention and
thus user costs could be kept minimal.

As a third example, a massive RC
slab bridge built in 1963 with six sup-
porting columns was improved in
autumn 2011 by applying UHPFRC
and R-UHPFRC to its whole deck sur-
face. The bridge is part of a road with
heavy traffic (Fig. 14). Load-bearing
capacity of the bridge was found to be
insufficient for the present and future
vehicles. Besides, its deck slab had dete-
riorated because of chloride-induced
rebar corrosion.

A UHPFRC layer that is 25 mm thick
was cast for waterproofing of the whole
deck. The areas above the columns
were strengthened by a 65 mm thick
R-UHPFRC layer in order to increase
bending and punching shear resistance.
The UHPFRC material was prepared
on site, and about 300 1 were mixed
per batch. The RC top surface was first
treated with high pressure water jet to
remove the concrete up to a depth of 20
to 40 mm. UHPFRC was then cast with
standard and simple tools (Fig. 15).

Bituminous pavement was finally
applied with a bituminous emulsion
on the UHPFRC surface after more
than 3 days of curing. Traffic in both
directions was maintained on one traf-
fic lane during the work.

Economic Aspects

The relatively high material cost
restricts the use of UHPFRC to only
where maximum benefit of the out-
standing mechanical properties can be
exploited. Obviously, the more require-
ments (regarding durability, structural
and fatigue safety, functionality) are
fulfilled with one UHPFRC layer, the
more efficient and economical is the
technology.

Analysis of construction costs alone
showed that the rehabilitation real-
ized with UHPFRC was in most cases
similar and in some cases significantly
less expensive than using conventional
methods (which, however, provide
lower quality in terms of durability and
life-cycle costs).

In addition, the UHPFRC technology
allows for significant gains in terms
of long-term durability when com-
pared to conventional methods. Also,
depending on the given site conditions,
it provides important reduction of traf-
fic disruptions (and subsequent user
costs) due to multiple interventions

Structural Engineering International 4/2013



Fig. 15: UHPFRC casting for R-UHPFRC strengthened zone over a pier

(required in the case of conventional
methods).

Conclusions

An original concept using UHPFRC
for the rehabilitation and strengthening
of concrete structures has been devel-
oped and validated by means of site
applications.

The concept combines efficiently the
protection and resistance properties of
UHPFRC with conventional structural
concrete. The rehabilitated structures
have significantly improved structural
resistance and durability.

Numerous applications of the concept
under site conditions demonstrate the
potential of this novel technology. The
technology of UHPFRC is mature for
cast in situ and prefabrication using
standard equipment for concrete
manufacturing.

This original concept may also be
applied for the construction of durable
new reinforced concrete structures
by assembling prefabricated ele-
ments in conventional concrete with
UHPFRC and by complementing with
a UHPFRC layer those areas that are
subjected to severe environmental and
mechanical exposure.'’
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