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1 EXECUTIVE SUMMARY
1.1

Project scope

European countries contain a large amount of surface transport infrastructure, which sometimes
appears inappropriate to meet societal demands. Road-built techniques have developed slowly, due to
a limited number of significant technical breakthroughs, poor coordination among stakeholders and a
focus directed primarily on resolving current problems. The purpose of the NR2C project is to create a
global vision for the road of the future. Based on a large survey among road stakeholders, this project
is aimed at selecting safe, environment-friendly and subtle concepts in order to strike a compromise
between reduced global construction/maintenance costs, safety and environmental criteria. A number
of innovations targeted for different social and geographical environments will be selected to achieve
pilot applications in support of a long-term perspective. The objective of WP 3: “Innovations in civil
engineering structures” is to contribute to this long-term vision of the road by providing a state of the
art of both today’s and tomorrow’s innovations in the field of civil engineering structures and
developing specific innovations that concern highly-durable and maintenance free structures.

After D3.1 report which describes the first stage of the work in which information on new materials and
news designs for more durable structures have been given, the present report focuses on specific
material properties and modeling rules concerning two ranges of new materials which appear as most
promising for more durable and efficient bridges, namely ultra-high performance fiber-reinforced
concrete, and fiber-reinforced polymers (also called composites).

1.2

Introduction

Since the end of the 18th century, when metallic bridges first began to be built, up to the second half of
the 20th century, bridge design has always been in the process of constant and rapid development.
There were times when the development was basically due to the types of structures that appeared in
modern bridges, and then there were other times when it was due to new materials. To this
development of structures and materials we must also add the theoretical knowledge of structures,
and procedures of analysis for determining the safety of bridges that came about during the same
period. In the present period, promising new materials have appeared, especially more durable and
with a high property to weight ratio: ultra-high performance fiber-reinforced concrete, and fiberreinforced polymers (also called composites). Adapted designs should be developed which fruitfully
apply these enhanced properties towards more efficient and durable bridge structures.

This report sums up the material (physical, chemical and constructive constitutive mechanical)
properties of these new materials, and the admitted relevant modeling rules, so that engineering and
innovative design can use them safely.
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Organization of this report

This deliverable is organized as follows:

Chapter 1 of this report contains introductory information. It covers the objectives, organization and
scope of the report.

Chapter 2 contains information relative to ultra-high performance fiber-reinforced concrete: definition
and range of materials covered in this report, physical and durability-related properties, mechanical
properties, modeling rules, and some insight in recent innovative design solutions with these materials.
Comments are also given regarding lack of knowledge and further research needs for a safer and
more efficient design using these innovative materials.

Chapter 3 contains information relative to fiber-reinforced polymers: definition and range of materials
covered in this report, physical and durability-related properties, mechanical properties, modeling
rules, and some insight in recent innovative design solutions with these materials. Precisions are also
given regarding lack of knowledge and further research needs for a safer and more efficient design
using these innovative materials.

Chapter 4 sums up the conclusions and recommendations for design using ultra-high performance
fiber-reinforced concrete and fiber-reinforced polymers.

These chapters are followed by a glossary, appendix and references
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2 ULTRA-HIGH PERFORMANCE FIBER-REINFORCED CONCRETE
2.1

Definitions and scope

2.1.1

Definition

The term “ultra-high performance fiber-reinforced concrete” (UHPFRC) will be used in this document
accordingly to the limits of characteristics given by French AFGC-SETRA group who authored the first
Recommendations [16] relatively to these materials :
-

these materials use cement paste as the binding element of the compound

-

they have a characteristic compressive strength comprised between 150 and 250 MPa

-

they include metallic fibers which ensure at least non-brittleness under pure bending : that
means the ultimate bending moment is higher than the moment corresponding to first cracking
of the matrix

-

they may include polymeric fibers, or not

-

within the range of cementitious materials, they can be characterized by a high binder content,
and a specific choice of aggregates

Further precisions were given by the same task group which help to precise the criteria which make
the design recommendations [16] applicable to these materials :
“UHPFRC can be distinguished from high and very high performance concrete :
-

by the material non-brittleness which makes it possible to avoid the classical use of active or
passive reinforcement

-

by their compressive strength generally higher than 150 MPa

-

by their mix-proportions, especially their high binder content, which leads to the absence of
any capillary porosity

-

(possibly) by the matrix tensile strength higher than 7 MPa.

If one of the above criteria is not fulfilled, complementary arguments may be required in order to
valuably apply the Recommendations [16] for the given material.

2.1.2

How to obtain UHPFRC ?

Mixture-proportioning of UHPFRC derives from the search for high compactness which already
governs mix-proportioning of HPC and VHPC [1] :
-

reduce water content, using highly efficient superplasticizers : w/c or w/b ratio may be as low
as 0.13 to 0.22

-

increase the diameter range of packed aggregates in order to increase the compactness of
the mix : this leads to incorporation of silica fume at about 10 % of the cement content
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limit the source of mechanical heterogeneities : this aim gets higher emphasis than for more
conventional VHPC, which ensures the higher compressive strength. The coarse aggregate
content, if any, is strictly limited and these aggregates are selected for high hardness. In any
case their maximum size is limited to 6 to 10 mm. Sand and mineral additives (silica flour) are
strictly controlled for their purity. This limitation of the maximum aggregate size and coarse
aggregated content is consistent with the search of optimum packing, accounting for limited
thickness of elements and incorporation of fibers. It makes it possible to reach 130 to 180 MPa
characteristic compressive strength.

Most of the durability and tightness characteristics of UHPFRC are related to this highly compact
cementitious matrix [15], as well as the high tensile strength of the matrix. However, if this matrix
optimization is pursued, brittleness, in the sense of increasingly high ratio between compressive and
tensile strengths, is also increased, leading to unacceptably high ratios even in theoretically fully
compressed elements.
Fibers are thus considered as a mandatory ingredient of UHPFRC for constructive applications, except
when confinement (by an external steel tube, e.g.) is provided. But, as indicated, the non-brittleness
classically ensured by passive reinforcement is no more suited (due to the characteristic dimensions
and required content) to these materials.

The requirement of material ductility may in fact depend on the loadings and deformations applied to
the elements. Accordingly, the fiber reinforcement may vary considerably :
For small-size building components, organic fibers may turn out rigid enough to ensure post-cracking
non-brittleness under thermal / seasonal variations. Compressive strength and Young’s modulus of the
material may decrease, which makes the following indicated characteristics not fully applicable.
However application of the materials in this case is governed by products approval, as already the
case for some applications of the ®Ductal range.
For beams or bridge components, steel fibers at a relatively high percentage (2 to 3 %) can generally
ensure non-brittleness under pure bending in the convenient directions, making it possible to limit
reinforcement to longitudinal active tendons. In facts these fibers are relatively short (10 to 25 mm)
and thin (0.2 to 0.3 mm in diameter), they have a high tensile strength and are anchored either by
hooked or deformed ends, or by direct friction along their length which may be satisfactory enough for
their optimized use. In order to limit the elements thickness, pre-stressing is mainly either of pretensioning or of external post-tensioning type.
In some cases, imposed strains or loads lead to elements or cross-sections fully under tension, or
restrained shrinkage, which makes a tensile hardening behavior desirable. Multi-scale fiber
reinforcement may find there valuable application, since it guarantees a higher post-cracking efficiency
of the different fiber types successively.
Yet it must be noticed that under present knowledge, there is no guarantee of direct relationship
between the type and fiber content of UHPFRC mixes, and the tensile hardening or softening
behavior. Fiber orientation, scatter of the fiber content, which are mainly controlled by the casting (and
possibly vibrating) process, and also scale and group effects which modify the material behavior from
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what can be identified on a standard sample to what is obtained within the element with the loading
orientation, are for the moment still highly debated research topics.

2.1.3

Examples of UHPFRC

Major examples of UHPFRC currently available for a possible construction project are the following :
“Béton de poudres réactives (BPR)” or “Reactive Powder Concrete” (RPC) presently
integrated within the ®Ductal range of materials (Ductal FM) : it has been patented by Bouygues,
Lafarge and Rhodia, as a common product of joint R&D (research results and material properties have
been publicly available since about 1995 [2]). It has local adapted variations under license in Korea,
Japan, USA, Canada and Australia where bridge projects have been built with.
®Ceracem, coming from “Béton spécial industriel (BSI)” developed since 1998 by Eiffage
(formerly, EGI) with the support of Sika.
®Cemtec multiscale, developed by P. Rossi at LCPC, with first available results around 2002
and site application in 2004. It represents one available solution of UHPFRC with multi-scale (hybrid)
fiber reinforcement [7] (with about 10 % total fiber content – about 3 % for the longest fibers).
®BCV, developed by Vicat and Vinci (field application around 2003, rather few available data
in the literature).

All of these materials have been used at least once in a real-size project, for either a new bridge or a
repair operation. Other similar materials are also under development in France, especially at CERIB
and EDF. Historically CRC (compact reinforced cement) developed by Bache in Denmark has a lot of
properties close to those of UHPFRC.

Some other materials known or studied in the scientific literature, which can be considered as closely
related to UHPFRC, can still not be covered by the range of values and properties indicated in the
following. Namely :
- ®ECC (Engineered cement composite), developed by V. Li at the University of Michigan, which is a
ductile fiber-reinforced micro-concrete, but with low strengths,
- ®SIFCON (slurry infiltrated fiber concrete) and SIMCON [9], which differ from UHPFRC by the way of
production : the material is not properly cast, but it is injected within a fiber network which represents a
still higher dosage of long fibers,
- ultra-high strength mortars or concrete, the properties of which are close to those of UHPFRC matrix,
but which can hardly be used as such due to their brittleness.

Considering UHPFRC (presently available), the sources of difference can be listed as follows:
- the choice of fibers percentage and type, which is mainly governed by the required post-cracking
ductility, and also interacts with size of the elements ;
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- possible thermal treatment, which is especially applied for ®Ductal [8]: hydration is thus boosted
during a 48 hours thermal treatment (90°C, 100 % RH) 2 days after setting, which further strongly
reduces creep and shrinkage deformations. This treatment is of specific interest for pre-fabricated
segments assembled by post-tensioning ;
- possible addition of organic fibers, in general polypropylene fibers at about 1 to 2% in mass of the
cement content, in order to improve fire resistance of the elements by prevention of spalling ; this
addition has generally little influence on the rest of the mixture proportions ;
- maximum aggregate size : while some ®Ductal materials only contain cement or very fine sand
(< 2 mm), ®Ceracem includes up to 7 mm-sized ultra-hard natural aggregate (but at a rather low
content as compared to micro-concrete). These aggregate have a beneficial effect with respect to
shear transfer, but they imply using longer fibers ;
- cement type, chemical nature of fine additives, type of silica fume: these choices have generally
been optimized in the “premix” industrially available UHPFRC, however there are still a lot of possible
variations depending on possible requirements of chemical durability, economical and local feasibility,
etc.
- superplasticizer type, which induces some differences in the rheological behavior of UHPFRC at the
fresh state. While vibration is generally avoided, due to the risks on the fiber repartition, some
UHPFRC types are definitely self-compacting with a low viscosity, some of them may require adapted
casting in order to eliminate bubbles and prevent thixotropic hardening.

UHPFRC can be considered as a range of “young” materials, production units are to be adapted for
each specific application since volumes cast at the same time are generally limited (but a counterexample is given by the production of segments of the toll roof of Millau viaduct by Eiffage).
Production of UHPFRC elements requires a thorough control of raw materials, which can be easier in
case of premix. Water and fibers quantities have to be precisely controlled, and the mixing time is high
(up to 20 mn / batch). Therefore for the moment application of these materials has been limited to a
small number of contractors, closely related to the material producers.
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Specific gravity
It is comprised between 2500 kg/m3 (®Ductal) and 2800 kg/m3 (®Cemtec and ®Ceracem), and
mainly depends on the steel fiber content and coarse aggregate content.
Porosity – Pores distribution
The porosity accessible to water lies between 1.5 % and 6 % and is typically comprised between 2
and 4 %. It is mostly constituted by intrinsic hydrates porosity, the characteristic dimension of which is
about 1.5 nm. Due to casting process and viscosity of the matrix, entrapped air and bubbles can
however be present. Avoiding these defects is part of the development process for each application.
Thermal dilation
The coefficient of thermal expansion has been measured between 10 and 12.10-6/K, which is close to
most of cementitious materials.
Thermal conductivity
About 1.6 W/m/K.

2.2.2

Transfer characteristics

Air (Oxygen) permeability
The gas (Oxygen) permeability of UHPFRC has been measured as generally lower than 10–19 m²,
while some references indicate less than 10-20 m² for ®Ductal [5].
Capillary absorption
0,05 g/cm² up to 0,25 g/cm²
Diffusion coefficient (with respect to chloride penetration)
About 2.10-14 m²/s : this order of magnitude has been measured for Tritium diffusion factor [16], and for
®Ductal also by EPMA analysis and by the presuming method by electric osmosis [29].
Resistance to carbonation
The Portlandite content of UHPFRC is non-measurable, while calcium hydrated silicates are hardly
accessible to carbon dioxide. This leads to non-measurable carbonation (which is in fact already the
case with VHPC).
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Self-healing
Non-hydrated cement grains within the matrix (which are present at a high level of content in
UHPFRC) make it possible to observe self-healing of cracks provided these cracks are not
permanently closed / opened by live loads, and supply of water is provided. This has been observed
even in chemically aggressive water [23].

2.2.3

Other durability characteristics

Fire resistance
Like all concrete materials, UHPFRC are non-combustible and do not have any contribution to the fire
development. However, UHPFRC elements will generally be affected by rapid scabbing of fireexposed facings, except if organic (polypropylene) fibers have been incorporated appropriately (the
necessary content is about 1 %). This is due to the water evaporation in front of the heated zone, the
pressure of which is not relaxed except when melting fibers can create enough connected space
within the material.
In case of UHPFRC comprising this type of fibers (e.g. with the specific fire resistant product within the
®Ductal range [18]) the behavior of the fire-exposed element can generally withstand scabbing and
satisfy the resistance requirements. However this has still to be checked experimentally on
representative-scale mock-ups.
Prevention of delayed ettringite formation
High cement content and possibly high alkali content, possibly significantly long exposure to elevated
temperatures (either during thermal treatment of ®Ductal or for certain long-term applications of
UHPFRC), possible water supply during the elements service life, make it necessary to take
appropriate preventive measures against occurrence of delayed ettringite formation. This damaging
internal expansive reaction has not been observed for UHPFRC in accelerated conditions nor on site
applications. Choice of the cement has a probable key role. This may have to be checked depending
on the type of UHPFRC and application considered.
Freeze-thaw resistance
Mass losses under conventional accelerated freeze-thaw tests have been reported from 0 to less than
3 % [16]. In fact the resistance of UHPFRC to freezing and thawing is related to the very low internal
water content.
Aesthetics of facings
UHPFRC facings may take outstandingly closed and glossy aspect for faces in contact with an
appropriate formwork. Horizontal free surfaces have a typical roughness of 1 mm, depending on the
viscosity of the matrix.
For free surfaces, at the edges, or when no appropriate coating has been introduced in the bottom of
the mould, fibers may be in direct contact with the outer surface. Corrosion of the fiber ends may be
observed after some time, depending on the aggressiveness of exposure, due to this direct contact.
This corrosion is limited to the outer surface of the element due to the matrix density (no transfer of the
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aggressive ions along the fiber nor within pores of the UHP matrix) and its non-hydrated clinker grains
which limit water propagation and by hydrating maintain a highly basic pH. Due to the small size of
fibers swelling due to corrosion is very limited and does not lead to local cover scabbing. Finally the
only consequence is of aesthetic nature, thus appropriate coatings or non-metallic fibers may have to
be used when this type of durable aspect requirement is demanded.
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Compressive strength
Typical UHPFRC have a water/binder ratio close to 0.2, which is consistent with the compressive
strength range (150 to 250 MPa) covered in the Recommendations [16]. The mean strength values
generally lie between 180 MPa and 200 MPa without heat treatment. The mean strength values reach
230 MPa for ®Ductal FM (with thermal treatment). A default characteristic value equal to 150 MPa can
be used for preliminary design.
Young’s modulus
Values from 48 to 67 GPa have been reported. UHPFRC Young’s modulus mainly depend on the
coarse aggregate nature and content, if any, and on the fiber content. Typical values are about
65 GPa for ®Ceracem, and about 52 GPa for ®Ductal FM.
Poisson’s ratio
0.2 is an admissible mean default value. Precise determination has to be done if necessary, the value
is affected mainly by the coarse aggregate content, if any, the water and the fiber content.

2.3.2

Tensile behaviour

Fiber orientation, scatter, non-brittleness
The tensile capacity of UHPFRC is one of the major issues which determines their specific use and
design method.
Consistently with “conventional” fiber-reinforced concrete (FRC), the material design law must safely
account for fiber orientation and efficiency in the cross-section to be designed, and for scatter of the
local post-cracking capacity due to fiber distribution after casting of the element. For conventional
FRC, present recommendations [4] rely on direct tensile tests on notched specimens, drilled within
relevant zones of a representative element or mock-up. For UHPFRC, direct tensile tests are hardly
reliable enough due to the high level of elastic energy stored within the specimens and difficult
practical test realization [6], and back-analysis of bending tests of sawn prisms is admitted within a
standardized processing framework (detailed hereafter), which also accounts for size effects with the
distinction of thin slabs vs. other elements [21].
Alike as for conventional FRC, it is required to carry out a minimum of 6 tests in order to determine a
characteristic curve to be used for the design. The post-cracking characteristic strength vs. crack
opening curve is derived from the average experimental curve, with a reduction factor corresponding
to the 5 % fractile of energy consumption [4], [16]. A factor 1/K is to be applied for design, when using
the characteristic curve obtained from standard molded specimens, in order to represent the intrinsic
law if it were determined on drilled, sawn or cored specimens within the real-size structure. K values of
1.25 for general design and 1.75 for local effects have been identified for π–shaped bridge beams [16]
and may be used as default values, except for thin slabs where real-size tests make it possible to
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consider K = 1. Quantitative values given in the following are thus based on the experience of
structures built with different types of UHFRC (see 2.5), and material characteristics identified by the
contractors, however they would have to be confirmed in further projects during the material study
phase, once the geometry and casting process would be determined, in order to account the scatter in
fiber repartition and orientation, and the safety margin with respect to local defects impairing the local
or global structural response.
As already discussed, tensile hardening behavior of UHPFRC is generally not ensured especially for
elements mostly submitted to bending and compression due to pre-stressing. However, for elements
submitted to tensile stresses or restrained shrinkage deformations along the whole cross-section, nonbrittleness shall be ensured with respect to the tensile axial force and not only to the bending moment.
The choice of particular UHPFRC types with tensile hardening behavior (at least in the relevant
directions) may have to be considered (and checked with due consideration of the element thickness
and casting process), which may imply a high enough fiber content and/or hybrid fiber reinforcement.
Identification of tensile constitutive behavior and design law for application in thin slabs
(span / thickness ratio > 50, thickness / fiber length ratio < 3)
Thin slabs constitute a privileged application of UHPFRC due to benefit of size effect, favorable 2D
fiber orientation thanks to the low thickness, and flexural generally dominant behavior. Identification of
the material design law accounts for the size effect since it is carried out with bending tests on unnotched plates with real-size thickness. The maximum equivalent tensile stress obtained in such tests
(“modulus of rupture”, designated also by MOR) is generally very high, from 30 up to typically 60 MPa,
with a large dependence versus the fiber content.
The design tensile stress-strain curve is idealized as bilinear with characteristics derived from
experimental values:
-

the behavior is elastic up to ftj which is the strength of plain UHP matrix, the characteristic
value is about 8 to 9 MPa and does not too much depend on the casting process provided
entrapped air (in singular zones and in the case of rather viscous behavior) is eliminated,

-

the elasticity limit in terms of strain is derived from ftj and Young’s modulus values, it is of the
order of 200 µm/m,

-

for most of UHPFRC (one type of fibers, fiber content equal to 2 to 3 % in volume), it is
admitted that after this elasticity limit, the post-peak capacity linearly decreases with strain
until a conventional limit εu equal to 1 %, and the corresponding stress value ftuj is calibrated
using back analysis, a typical characteristic value of ftuj may range from 5 to 6 MPa, but is
highly dependent on the plate thickness and fiber content ;

-

for UHPFRC with hybrid (multi-scale) fiber reinforcement softening may be avoided : the
behavior is idealized as elastic up to a yield stress of about 20 MPa, followed by a plastic yield
plateau up to an ultimate strain ranging from 0,25 to 0,45 %.

It is to be noted that for thin slab elements (typical thickness of 30 mm), the admissible equivalent
crack openings (within the frame of the conventional design assumptions of a cracked cross-section)
limit the domain of tensile strains, and only a small part of the here-above described curve is used.
This ultimate equivalent strain is of the order of 0.3 %. Up to this tensile strain, it may alternatively be
considered that the post-cracking strength is constant, with a characteristic value typically ranging
from 7 to 8 MPa.
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Identification of tensile constitutive behavior and design law for other applications
(span / thickness ratio < 50, or thickness / fiber length ratio < 3)
Identification of the design constitutive tensile behavior is carried out on standardized bending tests on
prisms: un-notched prisms tested under 4-point bending in order to obtain the cracking strength of the
matrix (this test avoids to overstress a single cross-section), and notched prisms tested under 3-point
bending in order to obtain the post-cracking behavior (the tested situation is consistent with the
conventional design hypothesis of a cracked cross-section).
Bending behavior of UHPFRC corresponds to favorable application (the global moment-curvature
response obtained is non-linear and strain-hardening), but the privileged 2D fiber orientation is less
efficient than in thin elements and the resulting maximum equivalent tensile strength (MOR) is not so
high: it typically ranges from 20 to 40 MPa, and highly depends on the fiber content and on the
specimens thickness.
The design tensile stress-strain curve is idealized as a succession of incrementally linear parts with
characteristics derived from experimental values:
-

linear elasticity up to (ftj, εe)

-

elasto-plastic with linear strain-hardening, or softening, until (σbtu, ε0,3)

-

strain-softening until (σu1%, εu1%)

-

strain-softening until the limit of post-cracking stress capacity (0, εlim)

Typically the elastic strain limit εe is about 200 µm/m and the characteristic value of ftj ranges from
about 8 to 9 MPa.
Limit strains of this idealized diagram in the post-cracking range (Recommendations [16] partie 2,
article 6.3, 313) depend on size effects due to the height of the cross-section and on the fiber length.
They correspond to a reference crack opening equal to 0.3 mm, which may be associated to the
maximum of fiber efficiency for post-cracking capacity, and to an ultimate crack opening equal to 1 %
of the height of the cross-section of the structure considered.
The values σbtu and σu1% obviously depend on the effective fiber content, and for using these values in
the design they shall integrate the safety factor due to scatter of material characteristics, and be
multiplied by the 1/K factor accounting for the casting process and the discrepancy between the prism
tested and the local behavior of the future structure.
In order to give first quantitative ideas, for UHPFRC elements with a thickness limited to about 10 cm,
and UHPFRC mixture proportions integrating 2 to 3 % of long fibers, following values can be obtained
(which correspond to an almost elasto-plastic behavior):
σbtu = σu1% = 5 MPa, ε0,3 equal to about 0,1 %, εu1% around 1,5 %, εlim around 4 %
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Other mechanical properties

Multi-axial behavior
It may be admitted to assume a ratio between biaxial compressive strength and standard compressive
strength equal to 1.5. This ratio is similar to the one obtained for “regular” fiber reinforced concrete,
and may be beneficial in case of confined elements.
Fatigue
Limit of endurance of compressed UHPFRC can be derived from compressive stress ratios of normal
and high performance concrete, and will generally not be a problem. Fatigue resistance of UHPFRC
under tension may be critical for bridge applications where live loads tend to overwhelm dead load
effects in thin structures. Material results are not numerous. Satisfactory behavior (i.e. no evolution of
the stiffness of the element) seems to be obtained provided the initial strain or crack opening is limited
[23], which can be reached in limiting the tensile stress.
Mechanical properties at high strain rates
The matrix of UHPFRC is subjected to rate effects inducing increased apparent strengths for rapidly
applied loadings. The physical origin of these effects steams from water-retaining intrinsic hydrates
porosity, and leads to similar order of magnitudes as for regular and high performance concrete [12],
which can be characterized for the matrix by a tensile strength absolute increase of ftj equal to
+ 0.7 MPa / log10 (loading rate). The increase of yield strength σbtu is smaller due to progressive
damage of the matrix where fiber are anchored: a typical value would be + 0.5 MPa / log10 (loading
rate). For hybrid reinforcement these values may be about twice as high due to the interaction of small
fibers [23].
Shrinkage
Most of free delayed de formations of UHPFRC consist in autogenous shrinkage [3]. The amplitude is
about 550 µm/m. Shrinkage reduction may be an issue depending on the cement type and the water
content. Moreover, (autogenous and thermal) shrinkage kinetics after thermal-induced dilations during
setting may control the critical moment for taking off forms. In case of thermal treatment, for ®Ductal,
shrinkage almost fully takes place during first hydration days and during the thermal treatment, and
further shrinkage is negligible, which may constitute in advantage in applications where dimensional
stability is searched (e.g. building components).
Creep
The creep coefficient ranges typically from 0.7 to 1 for UHPFRC without thermal treatment, and when
loading is applied at relatively high maturity (typically when the strength at first loading is higher than
80 % of the average 28-day strength). Yet the creep coefficient may be high (at least equal to 1) in
case of early loading, without or before any thermal treatment. This is consistent with observed creep
strains for 140 MPa concrete mixes, when loaded at an age where the strength has not reached 60 %
of the design strength [22]. During these early stages creep strains are all the most important that
strength is still rapidly increasing. The creep coefficient is lower than 0.3 for UHPFRC which has been
subjected to thermal treatment [3] (a default value equal to 0.2 can thus be taken for ®Ductal FM).
Contractor – LCPC
Authors : F Toutlemonde,
E. Schaumann, T. Keller

Contract TST3-CT-2003-505831
PAGE : 17 OF 62

File : Deliv3_2.doc

Deliverable

New material properties and modelling rules

WP 3

D 3.2

1 - LCPC

2005-11-18

2nd

Anchor length
The anchor length of steel reinforcement is significantly reduced within UHPFRC. For passive
reinforcing bars extrapolated formulae with ftj as a parameter can be safely used (connections). For
pre-tensioning cables, the reduced transfer length may require to provide short sheathing at the end of
cables for preventing simultaneous transfer of too numerous cable forces in the same short domain of
beam cross-section.
Shear resistance
UHPFRC intrinsic shear resistance to diagonal tension mainly depends on the fiber content and on
aggregate interlock, if any coarse aggregate are incorporated. This may create significant differences
in the real safety margin when using the same design formulae of present Recommendations [16].
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Existing recommendations
First UHPFRC global corpus of recommendations were published in France, January 2002 [16]. It was
based on the experience of technical requirements used by EDF in 1997-1998 for beams replacement
within air cooling towers [10], on a set of technical requirements prepared by Bouygues for a project
with CEA, and on technical requirements of Bourg-lès-Valence road bridges [17]. These
recommendations were successfully used for designing bridge projects.
This text was used and adapted by the concrete committee of the Japan Society for Civil Engineers
that published Recommendations [34] in 2004 (English version shortly available in 2005). International
recommendations are being prepared by the fib 8.6 task group, in order to be incorporated in future fib
model code.
Scatter and safety factors
A material safety factor γbf at ULS equal to 1.3 (except for accidental load combination where it is
admitted to take 1.05) is admitted both for compression and tension, which is consistent with quality
control of pre-cast concrete and with the fact that uncertainty relative to reinforcement location is
normally under control. Scatter is accounted for by using characteristic curves and material data. The
process of verification of the K factor on mock-ups can also be included in the way of accounting for
material scatter.
General design assumptions
Validity of provisions is related to a minimum fiber efficiency (6.0,1 in [16]) corresponding to nonbrittleness under bending loads for a rectangular cross-section, up to a reference 0.3 mm crack
opening. That is, for such a conventional situation, the cracking moment of the cement matrix must be
less than the resisting moment integrating the contribution of fibers.
The design σ=f(ε) curve and the intrinsic σ=f(w) curve obtained from tests where w is the measured
crack opening, are considered as equivalent due to the definition of the characteristic length lc, over
which non-linear deformations are spread around an assumed single crack in computations (cracked
cross-section hypothesis). It has been verified that computation of axial and bending capacity either
using AFREM method and σ=f(w) curve, or conventional stress-strain computations with the design
σ=f(ε) curve, are in agreement for rectangular and T-shaped cross-sections.
Idealized stress-strain relationship for bending / axial force verifications
The design constitutive behavior in tension has been described here-above (see 2.3.2), it is multiplied
by the material safety factor γbf for ULS verification. Under compression, linear elasticity is assumed at
SLS, while for ULS verification an elastic-perfectly plastic behavior is adopted. Ultimate strain limit is
taken equal to 0.3 %. Safety factors relatively to the compressive strength are similar to those adopted
for normal and high performance concrete.
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The principles of structural analyses at SLS and ULS are extended, the maximum resisting axial force
and bending moment are computed by integrating the constitutive diagram over the UHPFRC crosssection. A limit crack opening is introduced for SLS verifications in the case of an element with no steel
reinforcement except fibers.
Shear verifications
The procedure for verification of shear resistance derive from existing provisions for VHPC (range C80
which might be extended upwards as studied within BHP 2000 national project [22]) and may be
conservative for UHPFRC since they consider less and less aggregate interlock beneficial effect with
increasing compressive strength. However, dowel effect of longitudinal reinforcement, integrated in the
“concrete contribution” term, should not be overestimated when such reinforcement is no more actual.
Besides, fiber contribution is considered as additional, which has been verified as admissible in a first
approach. These provisions shall be revisited within fib 8.6 task group in order to gain consistence with
shear verifications format of Eurocode 2 (method of inclined struts).
Provisions for verification of the tensile resistance in zones where indirect tension is induced by
concentrated applied loads are consistent with local strut and tie models and comply both with present
French framework of provisions and Eurocode [25]. Basically, alike for diagonal tension verifications,
the required tensile resistance of local ties is to be compared with an effective tensile capacity,
computed as the product of the relevant cracked area by the effective tensile strength σp, which is the
equivalent tensile post-cracking strength until the limit crack opening wlim.

2.4.2

Other design considerations

1D / 3D constitutive material models
Present recommendations are focused on design using beam theory, with some insight on detailing of
D-regions where strut-and-tie schemes and derived methods can be applied. Favorable 2D effects in
plates or shells are not explicitly taken into account, except for thin slabs where this is integrated in the
identification of the constitutive law. However, valuable application of UHPFRC may orient towards
elements with more sophisticated shapes where 3D analyses would be necessary.
Some attempts have been done to adapt or calibrate 3D constitutive models used in finite element
codes for UHPFRC [12], [20]. Numerical difficulties may arise from the possibly tensile softening
behavior, and have generally been solved using plastic equivalent yield strengths. For UHPFRC with
strain-hardening behavior, elasto-plastic 3D computations appear as a well-suited design optimization
tool [23]. Yet a major difficulty still seems unsolved, in the fact that a fully 3D isotropic behavior can
generally not be guaranteed, and an anisotropic formulation of UHPFRC constitutive behavior
accounting for fiber orientation consequences appears as a very complex numerical tool [26].
Detailing, stability, defects
Application of UHPFRC leads to thinner and thinner elements. Elastic stability verifications may
become critical, which is not frequently the case for reinforced or pre-stressed concrete. Conventional
design minimum off-centered load positions or defect sizes may have to be revisited, taking into
account the practical realization of elements, risk of bubbles, size deviations etc.
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Concave angular shapes are not favorable for a correct load diffusion and local fiber orientation and
efficiency, which is not quantitatively accounted for in design.
For UHPFRC pre-stressed elements using pre-tensioning, the quality of UHPFRC as a barrier versus
corrosion could induce a reduced required cover thickness. However, the risk of bubbles due to the
matrix viscosity, the induced effects on fiber orientation, the intensity of locally transferred forces,
would lead to careful provisions.
Evolutions may occur on these domains with further experience in applying UHPFRC in varied
structural elements and projects.
Joints
Dealing with joints appears as the counterpart of the generalized trend to use high performance precast components. It raises difficult questions both for design and realization. Continuity of fibers is
excluded, which imposes no tension in intermediate joints (thus generally post-tensioning), or anchors,
dowels or continuity by sealed passive reinforcement. The latter solution leads to thickened ends and
difficult jobsite operations. Material continuity may also be difficultly achieved when components are
made of heat-treated UHPFRC, while cast-in-place joints will generally not be heat-treated. Present
practical experience tends to favor corrugated wet joints, the keying material being either epoxy-glue
or a small layer of UHPFRC, with post-tensioning ensuring a minimum compression even under
infrequent service loads. Whatever the technique, geometrical control of the segments given their
whole casting, setting, hardening and pre-loading process, appears of critical importance. The risk of
scabbing due to off-centered contact forces when assembling has to be anticipated and quantified.
Zones of concentrated loads, pre-stressing anchor blocks
Zones where concentrated loads apply require careful detailing, since the fibers contribution for
carrying indirect tensile stresses becomes critical and requires proper (if possible isotropic) orientation.
The high compactness of the UHPFRC matrix leads to reduced transfer lengths when the load is
applied by bond to a steel passive reinforcing bar or active tendon. Thus, for pre-stressed elements,
introduction of pre-stressing with an important number of closely spaced tendons may have to be
shifted for part of them along the axis of the beam, which may be obtained by limited sheathing at the
ends, so that local stresses remain acceptable and splitting cracks are avoided when pre-stressing is
released to the hardened UHPFRC. When correctly applied, AFGC-SETRA Recommendations [16]
provide safe indications for this stress limitation.
Approval of (reduced in size) pre-stressing anchor blocks is currently undertaken [32] according to the
ETA 013 process, which should lead to available solutions for anchoring post-tensioning tendons
(4T15S to 12T15S) at end blocks where fibers carry alone all indirect splitting forces.
Some key issues :
Due to the trend towards always thinner elements, limitation of the deformability and control of
vibrations amplitude may become critical issues of the design. Passive or active dampers may be
efficiently used, they have to appear and be maintained as part of the structure itself for its sound
behavior. Ribbed structures may appear as another solution, provided aesthetics and other
requirements remain compatible.
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Structural ductility of UHPFRC structures may be questioned when steel pre-stressing or posttensioning tendons do not ensure it. Redistribution capacity of UHPFRC cross-sections for application
within the frame of seismic construction requirements still has to be studied.
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Design examples

Following examples of UHPFRC applications are given in order to indicate some presently explored
solutions in terms of structural shapes and function. References are given for more details on the
projects. This list shall not be considered as closed, but it indicates already some explored domains
where feedback experience is already or will shortly be available.

2.5.1

Pre-stressed I-shaped beams

This type of basic application has been used both for ®Ductal and ® Ceracem with the beams
employed in EDF cooling towers in Cattenom and Civaux [10], [14].

Figure 2-1 (a & b) : Pre-stressed I-shaped beams for EDF cooling towers, 240 mm high, web 50 mm.
For bridges, tests have been done on AASHTO-type beams made of ® Ductal in partnership Lafarge
USA – FHWA [31].

Figure 2-2 : Transverse profile of St-Pierre-la-Cour bridge, I-shaped beams made of ® Ductal
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Figure 2-3 (a to f) : I-shaped beams of St-Pierre-la-Cour bridge made of ® Ductal : drawings, casting,
erection on site, general view
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Figure 2-4 : I-shaped beams of St-Pierre-la-Cour bridge made of ® Ductal : 3 m-long mockup for
material characterization
This type of I-shaped beams is used for the “PRAD” type bridge built by Lafarge using ®Ductal at St
Pierre la Cour [36]. It has also been used in New South Wales (Australia) with ®Ductal licence (Ishaped UHPFRC beams with a top flange made of conventional C35 concrete) [35]. Iowa and Virginia
DOT are currently working to build first public highway UHPFRC bridges in the USA similarly using Ishaped UHPFRC beams with a conventional concrete deck [31].

2.5.2

Π-shaped bridge segments

Π-shaped bridge beams have been used for Bourg-lès-Valence bridge made of ®Ceracem [17].
Beams of similar shape adapted to ®Ductal (bulbed double-T shaped) have been tested and applied
for a 21 m-span bridge by FHWA in the USA [31].

Figure 2-5 (a) : Bourg-lès-Valence road bridge, with P-shaped beams made of ® BSI (Ceracem)
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Figure 2-5 (b) : Bourg-lès-Valence road bridge, with P-shaped beams made of ® BSI (Ceracem)

Figure 2-6 : Seon-Yu pedestrian arch bridge in Seoul, Korea, made of ® Ductal. R. Ricciotti architect,
photograph by P. Ruault, courtesy Photothèque Lafarge.
Contractor – LCPC
Authors : F Toutlemonde,
E. Schaumann, T. Keller

Contract TST3-CT-2003-505831
PAGE : 26 OF 62

File : Deliv3_2.doc

Deliverable

New material properties and modelling rules

WP 3

D 3.2

1 - LCPC

2005-11-18

2nd

Figure 2-7 : Cross-section of the Π-shaped arch of Seon-Yu pedestrian bridge (dimensions in mm)
Π-shaped segments have also been used with longitudinal post-tensioning for the canal-bridge made
of ®Ceracem on High Speed Railway Eastern from Paris [36] (the Π-shape is here inverted), and for
Seon-Yu pedestrian arch bridge in Seoul, Korea, made of ® Ductal [19], [33].

2.5.3

1D ribbed slab

A 3 cm-thin top slab made of ®Ductal has been used for Sherbrooke footbridge in Canada, with
transverse ribs including mono-strands pre-tensioning tendons [11], [13].

Figure 2-8 : structure of the Sherbrooke footbridge

2.5.4

2D ribbed slab (honeycombs)

A thin 2D ribbed slab is currently under testing within the frame of MIKTI French national R&D project
[32]. It is applicable to ®Ductal and ®Ceracem which the tested segments are made of. Transverse
ribs include the pre-tensioning mono-strands. Longitudinal post-tensioning is external and helps
providing the necessary compression for assembly. This type of slab might constitute the light top
deck of a composite bridge, either for replacing a damaged steel orthotropic (or conventional
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reinforced concrete) deck, or within the frame of a new bridge with a large enough central span so that
the lightness of the deck can be worthily applied.

Figure 2-9 (a & b) : ribbed slab segments. Casting phase and facings from underside.

Figure 2-10 : Ribbed segment (about 5,500 kgs for a 6.2 m x 2.5 m slab) lifted by crane for tests at
LCPC. Total height is 0.38 m, slab thickness between ribs is 50 mm only.
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Thin webbed box girder segments

Post-tensioned box-girder segments constitute an interesting way to combine lightness and rigidity.
Post-tensioning can be external when the webs have to be kept thin.
Such structural shape was applied with ®Ceracem for the roof of Millau toll gate (helicoidal wing) [24].
For footbridges it was applied with ®Ductal for Sakata Mirai footbridge and Akakura Onsen Yukemuri
footbridge [29], [34]. It is currently applied with ®BCV for a road bridge with thicker dimensions over
A51 motorway in France [36].

Figure 2-11 (a & b) : Sakata Mirai footbridge (span : 50 m)

Figure 2-12 (a to c) : Akakura Onsen Yukemuri bridge (span : 35 m). Dimensions in mm. The boxgirder shaped segments are constituted by separate U-shaped bottom and top slab, and are
assembled by post-tensioning.
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Figure 2-13 (a to c) : Helicoidal roof of Millau Viaduct toll gate, made of ® Ceracem segments
assembled by post-tensioning.
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Figure 2-14 : cross-section of the footbridge over A51 made of ® BCV.

2.5.6

(possible pre-stressed) UHPC filled steel tubes

The ultra-high strength of ®Ductal has been used within steel-tube confined concrete struts or
columns, in this case ductility is not provided by fibers but by the external steel tube. The examples
wee for Reina Sofia museum columns in Madrid (Spain), and for diagonals of the Sherbrooke
footbridge truss structure [11], [13]. In this latter case pre-stressing ensures that the component is
always behaving in its favorable domain.

Figure 2-15 : Sherbrooke footbridge. Cross-section, scheme of the truss elements (dimensions in mm)
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Plates and shells

Plates and shell components (which do not strictly have a structural function, but may have to resist by
themselves to significant flexural loadings) have been made from ®Ductal and appear as alternative
solutions to conventional steel, cast iron or reinforced concrete components, in combining lightness,
resistance to corrosion and to fire, etc. Examples are the anchor plates for reinforced earth retaining
wall at La Réunion Island (support of the main round drive along the shore), façade panels for a
scholar building in Paris, elements of the “arbre Martel” sculpture in Boulogne-Billancourt, and
canopies shells over Shawnessy light rail transit system in Calgary, Canada [30].
Similar type of application has been done with 3 cm-thin bridge cornices made of ®Ceracem along
Saint-Lô bypass.

Figure 2-16 : Bridge cornices made of ® Ceracem along Saint-Lô bypass.

Figure 2-17 : anchor plates for reinforced earth retaining wall at La Réunion Island made of ® Ductal.

2.5.8

Repair works and thin overlays

High abrasion and corrosion resistance, tightness and lightness of UHPFRC have led to innovative
application of these materials in repair / strengthening works with a thin UHPFRC overlay. However
restrained shrinkage leads to important tensile stresses for such an application and hybrid UHPFRC
with post-cracking hardening behavior (®CemtecMultiscale) had to be selected [27]. The prototype project
was carried out within Samaris European Project in Switzerland [28].
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Lacking knowledge and further research needs

2.6.1

Material properties related to specific UHPFRC mix-design

General guidelines have been made available in order to apply UHPFRC for structural preliminary
design. However, specific mixture-proportioning of the different types of UHPFRC may alter
significantly the design hypotheses due to specific material properties. This especially includes :
-

creep and shrinkage control in relation with the mixture-proportions, constituents and possible
thermal treatment ;

-

improved rational shear detailing accounting for the material internal friction, which highly
depends on the fiber and coarse aggregate content.

Present guidelines are on the safe side on these aspects. However, for shear design, verification of
principal tensile stresses with respect to a proper criterion (maximum admissible tensile stress
depending on simultaneous transverse stresses) would be more satisfactory than present provisions.

2.6.2

Optimization of concreting process for fiber efficiency

Beam or plate applications have made it possible to understand empirically some concreting best
practice processes in order to favor worthy orientation of fibers with respect to expected loadings.
However, documentation of the obtained (an)isotropic behavior is rather scarce [26].
Moreover, concreting of more complex (and possibly more efficient) structural shapes, including ribs,
double-curved shells, with web-flange sharp angle junctions, will require specific attention. Progress of
flow computational predictions might be very useful to capitalize the empirical experience of UHPFRC
concreting under such conditions, and avoid e.g. cold joints occurring when casting flows come
together without fiber interpenetration. Non-destructive control of 3D fiber orientation would also be
highly desirable, and might lead to a more rational basis (and possibly a reduction) in the K factor used
for the design constitutive law.
For the domain of possibly 3D-optimized applications of UHPFRC, 3D identification of the constitutive
behavior is searched, and web-flange shear resistance might be critical in relation with rib / plate
tensile behavior identification. Tests on (inverted) T-shaped members might be useful, especially for
some UHPFRC types of materials which have been mostly characterized under 1D situations only.

2.6.3

Structural ductility

Redundancy, capacity of local and global energy dissipation should deserve increased attention,
especially for possible use of UHPFRC in the context of seismic design, which is presently only poorly
documented. Within this context and more generally for the structural application of UHPFRC, overall
structural design has to integrate the key issue of joints and their performance and function (see also
2.4.2).
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3 FIBER-REINFORCED POLYMERS
3.1

Definitions and scope

Fiber Reinforced Polymers (FRPs) consist of load-bearing fibers embedded in a polymer matrix. The
reason for using reinforced polymers is to obtain maximum advantage from the reinforcement fibers.
The properties of FRPs can be engineered over a wide range, due to the large selection of fiber
reinforcements, orientations, and polymer matrices.
The following chapter will give an overview of the typical mechanical and physical properties of fibers
and polymer matrices. The properties of typical FRP composites are also provided. Some guidelines
and proposed codes using FRPs will be presented. However, the use of FRP is still new in civil
engineering application. At this time, there are relatively few codes and standards for FRP composites
compared to longer established materials such as steel and concrete.
Fibers – The reinforcement fibers usually dominate the mechanical properties, especially tensile
strength, stiffness and impact strength of the composite. The volume fraction of fibers dictates
dimensional stability and resistance to creep under load. In bridge construction, the three main fiber
types used are glass, aramid and carbon fibers.
Glass fiber is the most widely-used reinforcing material. The basic types of glass fibers are [8]:
•

A-glass (alkali): the original type, a high alkali-content material, with a chemical composition
similar to that of window glass

•

C-glass (chemical): a grade with improved resistance to chemical attack mainly used for
surface tissue.

•

D-glass (dielectric): particularly good dielectric characteristics and used mainly in the
electronics industry.

•

E-glass (electrical): a calcium-alumino-borosilicate composition, low in alkali content and
stronger than A-glass. In civil engineering application E-glass is the mostly used. It has good
tensile and compressive strength and stiffness and is low in cost, but the alkali content makes
it susceptible to environmental effects.

•

R-and S-glass: have a different chemical composition, giving higher strength and modulus. Rglass is the type produced in Europe and S-glass in USA. They were developed to meet
demand for higher technical performance from aerospace and defense industry.

Aramid fiber is a synthetic organic fiber consisting of aromatic polyamides. Two grades of stiffness
are generally available; a lower (LM), a high modulus (HM) and a ultra high modulus (UHM) of
elasticity.
Carbon fiber is produced by the pyrolysis of organic precursors such as polyacrylonitrile (PAN) fiber,
rayon fiber, and pitch in an inert atmosphere. Due to the heat treatments during manufacturing four
main grades of fibers can be achieved with different stiffness ranges: high strain (HS); intermediate
modulus (IM), high modulus (HM) and ultra high modulus (UHM). The most common form is a high
tensile strength fiber, produced by most suppliers. The intermediate IM is the cheapest carbon fiber.
However, carbon fibers are more expensive than glass fibers [2; 8; 23].
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Available forms – Reinforcing fibers are available as rovings (almost parallel bundles of continuous
untwisted filaments), yarn (bundles of twisted continuous filaments), and as short fibers. The fibers are
further worked to create directional or non-directional roving mats. Directional roving mats include
woven, non-woven, grid, and mesh products. Whereas mats with random chopped filaments, mats
with continuous fibers or surfacing fleeces are examples of non-directional sheet products.
Polymer matrix or resin – Two types of polymer materials are used as matrices in composite
materials: thermoplastics and thermosetting polymers. Thermoplastics melt when heated and solidify
when cooled. In contrast thermosets cure permanently by irreversible cross-linking at elevated
temperatures. Mainly thermosets are used for FRP structures today. Of these, the most important are
unsaturated polyester (UP) resins, epoxy (EP) resins, vinylester (VE) resins and phenolic resins. The
polymer encapsulates the fiber in order to fix the fibers in the desired direction, to transfer the loads to
the fibers and to prevent buckling of the fibers. At the same time it seals the fiber surface and prevents
moisture wicking along the fiber. The shape, moldability, cycle time, and surface appearance are also
dictated by the resin matrix, including any additives. Heat-stability, flammability and smoke evolution
are also dependent on the resin and additive system.
Fiber reinforced polymers – Depending the type of the reinforcement, glass, aramid or carbon, fiber
one can distinguish respectively between, GFRP, AFRP and CFRP composites. The material
properties depend highly on the fiber amount, their orientation in the composite and the manufacture
process. Typical GFRP profiles exceed tensile strengths from 200 to 400 MPa parallel to the
longitudinal fibers of the profile, whereas the strength perpendicular to the longitudinal fibers ranges
from 40 to 180 MPa [4]. Figure 3-1 illustrates some typical FRP profiles and a bridge deck out of FRP.

Figure 3-1: GFRP profiles and Asset GFRP deck from Fiberline [4]
Manufacturing Process – There are a number of techniques for the manufacture of FRPs, all of
which have an influence on the mechanical properties of the final composite. Manual fabrication
method tends to give lower values of strength and stiffness than the automated ones because of
greater degree of compaction in the latter techniques [2].
The method of manufacture can be considered in three groups:
•

the manual process, such as hand lay-up, spray-up (both are also known as contact molding)
pressure bag molding and autoclave moldings;

•

the semi-automated process which includes compression molding and resin injection;

•

the automated process which includes pultrusion, filament winding and resin transfer molding.
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Physical and durability-related properties

FRPs can be engineered to optimize for the customer requirements. Different compositions lead to
different properties and a wide range of desirable properties is achievable. The physical durability
related properties, such as density, electrically conductivity, resistance to light and temperature, and
resistance to chemical effects are dependent on both, the fibers and polymers. A detailed list of
properties of the fibers and the polymers is given in the appendix.

3.2.1

Fibers

E-Glass fibers have a density of about 2.6 kg/dm3. They are electrically non-conductive and offer
good heat resistance. They can be attacked by alkaline solutions, acids, and humidity. Therefore the
fibers need to be protected with suitable polymer resins. E-Glass is resistant to UV light [2; 9; 11; 21].
Aramid fibers are the lightest type of fibers with a density of about 1.4 kg/dm3. They are insulators of
both electricity and heat. They are resistant to weak acids, weak alkaline solutions, and organic
solvents but are sensitive to UV light. Exposed to strong sunlight or to high temperature aramid fibers
lose rapidly strength and stiffness. Therefore they should not used above about 150°C in long term
[14].
Carbon fibers have densities in the range of 1.7 – 1,9 kg/dm3. They are electrically conductive. The
possibility of electrolytic corrosion in conjunction with other materials may be necessary to consider.
Carbon fibers are not affected by moisture, atmospheric conditions, solvents, alkaline solutions, and
weak acids. They have a good resistance against high temperature and a negative coefficient of
thermal expansion [2; 21].

3.2.2

Polymer resins

Unsaturated polyesters are the most widely used thermosetting resins in reinforced polymers. They
can be attacked by chlorinated hydrocarbons, some solvents, alkali solutions and concentrated and
oxidizing acids. It is known that polyesters are not very resistant to fire. However, it is possible to
incorporate additives into the resin formulation in order to produce a material with enhanced fire
resistance. Some of the special formulations are also high corrosion resistant. Choosing different
chemical constituents, the properties such as resistance to moisture, temperature, and light refraction
can be adapted to specific applications [8].
Epoxies are the second widely-used thermosetting resins, after unsaturated polyesters in reinforced
polymers. They offer very good electrical properties, low absorption of moisture, and good resistance
to chemicals (to solvents, alkalis, and some acids). With correct additives they can exhibit high
resistance to heat, some up to 290°C [8].
Vinyl esters offer enhanced chemical and moisture resistance compared to polyesters. They are
characterized by a high resistance to acids and alkaline solutions and to solvents. Electrical and
thermal insulation properties are also very good. As for all resins, the fire resistance of the vinyl esters
can be enhanced by choosing special additives. In order to achieve maximum temperature resistance,
a high temperature post-cure is necessary [8].
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Phenolic resins are of particular interest on structure when there are requirements to high fire
resistance, temperature resistance, low smoke generation, and flame retardation when subjected to
fire. Phenolics exhibit good dimensional stability at elevated temperatures and good resistance to
acids [13; 16].

3.2.3

FRP composites

Some general remarks can be made for FRP composites. However, the physical properties of FRPs
are highly depending on the components.
Resistance to environmental factors: FRP materials have a high resistance to frost and de-icing
salts, which for inadequately protected steel reinforcement can be devastating. However, glass fibers
are sensitive to humidity and alkaline environment and aramid fibers, unsaturated polyester and vinyl
ester are sensitive to UV light. Only carbon fibers are generally considered to be stable in most
environmental conditions.
Thermal and fire performance of FRP: The thermal properties of FRP vary with the form and the
relative quantities of the constituents. At the glass transition temperature (Tg) of the matrix, the
properties of the FRP, such as strength and modulus of elasticity, drop significantly. Tg is the
temperature at which a polymer changes from hard and brittle to soft and pliable, and ranges from
80°C to ~160°C, depending on the polymer. At the more elevated decomposition temperature (Td
~250°C) polymers will decompose.
However, temperature related material properties are different under compression and tension. Under
compression, the fibers in the FRP will start to buckle after reaching Tg of the resin, due to the stiffness
loss of the encapsulating polymer, consequently the FRP structure will lose structural load-bearing
capacity. Whereas elements loaded in pure tension generally retain their strength under high
temperature, because the tensile strength of the fibers is maintained. After decomposition of the
polymer matrix, the fibers can still carry tension forces when the anchorage is provided.
Consequently, fire performance of FRPs highly depends on the loading condition and the region
exposed to the fire.
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Mechanical constitutive properties

The range of mechanical properties of FRPs is highly dependent on:
•

the type of fibers used (glass, aramid or carbon fibers);

•

the fiber volume fraction;

•

the orientation of the fibers (unidirectional, bi-directional aligned or randomly orientated);

•

the method and quality control of manufacturing (from manual to fully automated).

A further influence on the material properties of the FRP can have the choice of the adequate polymer
resin. This chapter first points out the main mechanical properties of the different components, the
fibers and the resins. Further on, it gives an overview over typical FRP composites and their
mechanical properties. The appendix of this report provides a detailed list of the mechanical properties
of the components.

3.3.1

Fibers

Table 1 gives an overview over the mechanical properties of different types of fibers and grades. In
comparison, typical properties of conventional materials are also listed.
Table 1: Properties for different fiber types in comparison to conventional materials [20]
Tensile Strength
[MPa]

Tensile Modulus
[GPa]

Density
3
[kg/dm ]

Glass - E glass

2400

69

2.5

Aramid LM

3600

60

1.45

Aramid HM

3100

120

1.45

Aramid UHM

3400

180

1.47

Carbon HS

3500

160 - 270

1.8

Carbon IM

5300

270 - 325

1.8

Carbon HM

3500

325 - 440

1.8

Carbon UHM

2000

440+

2.0

Aluminium Alloy (7020)

400

1069

2.7

Titanium

950

110

4.5

Mild Steel (55 Grade)

450

205

7.8

Stainless Steel (A5-80)

800

196

7.8

HS Steel (17/4 H900)

1241

197

7.8

Conventional
materials

Fibers

Material type
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E-Glass fibers are isotropic with tensile strengths about 2400MPa. The stiffness of glass fibers is
lower than aramid and carbon fibers (~70GPa). The ultimate strain is in the range of 3.5% to 6.0%.
Glass fibers exhibit good fatigue behavior, especially when they are combined with epoxies.
Aramid fibers are anisotropic. The tensile strengths are in the same range as for glass fibers, while
the stiffness greater (60 – 180GPa). The ultimate strain is in the range of 2.0% to 4.0%.
Carbon fibers are anisotropic. They offer higher strength and modulus in longitudinal direction
compared with the transverse direction. As already mentioned, different grades of fibers are available:
high strain (HS); intermediate modulus (IM), high modulus (HM) and ultra high modulus (UHM). high
strain (HS); high strength (HT) and intermediate modulus (IM). The most common form is a high
tensile strength fiber, produced by most suppliers. Carbon fibers are more brittle than glass and
aramid fibers and fail at relatively low strain levels (0.5% – 2.0%). The tensile strength ranges from
1500 to 5300MPa. The stiffness is much higher than for glass fibers (160 – 600GPa). Carbon fibers
are always characterized by good fatigue behavior. [2; 8; 9; 21; 23]

3.3.2

Polymer resins

Unsaturated polyesters are used for the majority of composite structures. They offer a good balance
of mechanical, electrical and chemical-resistance properties, at relatively low cost. Some other
advantages are their dimensional stability and the ease in handling, processing, and fabricating. Using
special formulations, the resistance to impact strength and flexibility can be adapted to specific
applications [8].
Epoxy resins are characterized by their high strength/weight ratio and good adhesion properties.
Although epoxies can be expensive, it may be worth the cost when high performance is required [23].
Vinyl esters are usually characterized by high strength and greater elongation properties than
polyester, thus they also provide a composite with better impact resistance and improved fatigue
properties. Compared to polyesters, vinyl esters offer reduced water absorption and shrinkage.
Compatibility and bond strength to glass, carbon and aramid fibers are good [8; 13].
Phenolic resins exhibit good dimensional stability at elevated temperatures, but a relatively low
toughness.
Table 2: Typical mechanical properties of polymer resins [2; 4; 18]
Resin type

3

Strength [MPa]

Modulus [GPa]

Density [kg/dm ]

Unsaturated Polyester

20 – 90

2.0 – 4.6

1.1 – 1.30

Epoxy

60 – 110

2.0 – 4.0

1.1 – 1.30

90

4.0

1.2

60 – 80

3.0 – 4.0

1.0 – 1.25

Vinyl ester
Phenolic
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FRP composites

General remarks
The mechanical properties of FRP composites are dependent on the fiber type, their fiber volume
fraction and direction, and on the manufacture process. Comparing the design using FRPs instead of
conventional materials, such as steel and concrete, some main differences should be pointed out [18]:
•

In general, FRPs used for structural applications have high strength and low stiffness
compared to steel. Therefore the design is often governed by limiting deflection rather than
stress.

•

FRP materials are generally linear elastic up to failure and do not behave in a ductile manner
as steel. However, cracking and excessive local deformations may occur before failure and
some limited load capacity may remain after failure.

•

The effect of local stress concentrations is different than in steel and concrete due to the lower
ductility of FRP. Hence, attachments, joints, holes, etc, will need special attention.

•

Special attention shall also be paid to loads that do not act in the principal fiber direction of the
material because of the highly orthotropic stiffness and strength properties present in many
FRP materials.

•

Modes of failure may be different. Damage can accumulate at a microscopic level with very
little overall change being apparent.

Mechanical properties
The mechanical properties of typical FRPs are provided in the following tables. Table 3 distinguishes
different compositions of fibers and resins, whereas Table 4 and Table 5 demonstrate how the
properties of FRPs can vary, regarding the influence of the manufacture process, and the fiber/matrix
fraction.
Table 3: Typical mechanical properties of FRP Laminates [18]

FRP Laminate Fiber/Resin Type and
Orientation

Tensile Strength
[MPa]

Tensile Modulus
[GPa]

Elongation
[%]

Density
3
[kg/dm ]

CFRP (high strength), uni-directional
orientation Epoxy resin

2500

150

1.6 – 2.0

1,6

AFRP (low modulus), uni-directional
orientation, Epoxy resin

2100

40

5.0 – 5.1

1.4

AFRP (high modulus), uni-directional
orientation, Epoxy resin

2100

70

3.0 – 3.1

1.4

GFRP (E-glass), uni-directional orientation,
polyester resin

1200

40

2.9 – 4.3

1.8

350

20

1.8

1.8

280

15

2.0

1.8

o

GFRP (E-glass), 0/90 symmetrical,
polyester resin
o

GFRP (E-glass), +45/-45 symmetrical,
polyester resin
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Table 4: Typical mechanical properties of GFRP composites manufactured by different fabrication
methods [2]
Method of
manufacture

Tensile strength
[MPa]

Tensile Modulus
[GPa]

Flexural strength
[MPa]

Flexural Modulus
[GPa]

Spray-up

35 – 124

6 – 12

83 – 190

5–9

Hand lay-up

62 – 344

4 – 31

110 – 550

6 – 28

RTM

138 – 193

3 – 10

207 – 310

8 – 15

Filament winding

550 – 1380

30 – 50

690 – 1725

34 – 48

Pultrusion

275 – 1240

21 – 41

517 – 1448

21 – 41

Table 5: Typical mechanical properties of glass fiber/vinylester polymer composite with different fiber /
matrix weight fractions (compression molding and randomly orientated fibers) [2]
Fiber/Matrix weight
fraction [%]

Density
3
[kg/dm ]

Tensile strength
[MPa]

Tensile Modulus
[GPa]

Flexural strength
[MPa]

Flexural Modulus
[GPa]

67

1.84 – 1.9

269

19.3

483

17.9

65

1.75

214

15.8

406

15.1

50

1.8

166

15.8

332

15.3

Fatigue
Most fibers are insensitive to fatigue loading and thus the advanced composites have good fatigue
properties. However, fatigue strength is highly dependent on resin properties and laminate quality as
well on the composite design, the manufacturing process and the direction of loading. Fatigue failure
often occurs progressively, starting with fiber debonding and resin cracking. Fatigue failure of FRP
laminates can occur in compression as well as in tension, in contrast to metals which generally only
develop fatigue cracks in tension.
Creep
The glass, carbon, and aramid fibers have practically zero creep. Whereas the visco-elastic polymer
resin, where the fibers are embedded, will creep. Consequently, the creep properties are highly
dependent on the fiber volume fraction and the orientation of the fibers as well on resin properties and
the fiber types. Environmental conditions such as temperature and humidity also influence the creep
behavior of the FRP.
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Connection technology

3.4.1

Connection FRP – FRP

The connection technology is of a great importance in the design of FRP structural components due to
the anisotropic non-homogeneous character of the material. The connection technique of FRP
elements can be bolting, adhesively bonding or the combination of both.
Bolting of FRP structures – Using the bolting technique high stress concentrations result at the holes
since FRP materials behave linear elastically and no local plastic deformations are possible. These
high stress concentrations and the anisotropy of the material lead in most cases to a structural over
design of the components. An additional consideration is that the holes required for bolts often expose
unprotected fibers to the environment in the region of stress concentration, further reducing the
strength of the joint over time. However, in some cases design requirements can exhibit their use, i.e.
because the joints must be able to be disassembled.
Adhesively bonding of FRP structures – In comparison to bolting, adhesively bonding is a more
material compatible connection method for FRP. Hereby the forces are introduced through the resin
into the fibers. The adherents stay undamaged without holes but the joints must withstand peeling
stresses due to eccentric loading. Another disadvantage is the difficulty in inspection and quality
control.

3.4.2

Connection FRP – conventional material

The connection technique of FRP structures to conventional materials is highly dependent on the aim
of the connection. Three types can be distinguished: (1) application of FRP for strengthening purposes
of deficient structures – in general concrete structures, (2) the connection of FRP components to
conventional girders, such as FRP bridge slabs to concrete or steel girders, and (3) the material
combination in hybrid components, where i.e. concrete is applied directly on FRP shapes to act
compositely.
(1) The mostly used connection technique for strengthening deficient concrete structures is the
adhesively bonding of FRP tensile sheets and strips to the existing and deficient concrete structure.
(2) The connection of FRP bridge decks to conventional girders can be provided by mechanical fixing,
adhesively bonding and hybrid joints, where shear studs are embedded in concrete pockets. The
bonding connection is favorable to achieve composite action between the girder and the bridge deck.
(3) Research projects in new hybrid structures showed that the adhesively bonding technique is the
most efficient way to achieve composite action between the FRP and concrete. The epoxy is applied
on the FRP and the fresh concrete is cast on the epoxy mortar before it has cured. In order to increase
the bonding, additional shear connectors are usually added.

3.4.3

Adhesives used for bonding techniques

Definition – Adhesives are polymeric materials capable of bonding two materials together by surface
attachment. One advantages of using adhesive connections is that the adherents will not be damaged.
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Good aesthetics, reduced stress concentrations due to larger areas for load transfer and improved
resistance to corrosion are other benefits for adhesive bonding. However, bonded connections require
intensive surface treatment of the materials and high level of supervision of experienced staff [19].
Additionally, the cure time of adhesives during which components must be held together by some
other means may be a negative factor in their use.
Material Properties – Adhesives are available in a wide range of forms, such as liquids and pastes, in
one or two-part formulations. They are complex blends of many components, including fillers and
plasticizers. The following Table 6 shows the material properties of three typical classes of adhesives.

Table 6: Typical properties of some structural adhesives [19]
Property

Epoxy

Polyurethane

Acrylic

Shear Strength [MPa]

15-35

15-25

15-25

Shear Modulus [GPa]

0.5-2

0.1-0.2

0.01-0.02

Shear failure strain [%]

5-50

50-200

50-200

Tensile Strength [MPa]

20-40

15-25

15-35

Tensile Modulus [GPa]

1-10

Up to 0.5

Up to 0.5

Tensile failure strain [%]

1-4

10

50

Poisson’s ratio [-]

0.3-0.4

0.4

0.43

30-70

40

50

-6

Thermal expansion [10 /K]

Epoxies can be formulated in a wide range of forms. They offer high strength and stiffness, good
durability, but present brittle failure. Generally, they exhibit low creep and high resistance to
environmental effects. In comparison, polyurethane adhesives are more flexible and ductile than
epoxies and more susceptible to creep and moisture effects. Because of their sensitivity to alkali
effects, they are not generally suitable for use with concrete. Acrylic adhesives cover a wide range of
materials with different curing mechanisms. For structural applications toughened acrylics are
generally used because they bond readily to various adherents with minimal surface preparation.
Typical Application – The largest use of structural adhesives in bridge engineering is in repairs and
upgrading. Therefore adhesives are used to bond additional material to existing structures in order to
strengthen the structure. Some typical applications are fiber reinforced polymer (FRP) strips and
sheets adhesively bonded to concrete slabs, beams and timber structure. In repair, they are used to
overcome problems due to deflection, cracks in concrete, etc. Adhesively bonding is also used in
upgrading and allows a change of use without damaging the existing structure. Another application is
the use of FRP shells bonded to the surface of concrete columns in order to improve their loadcarrying capacity or/and resistance to seismic effects.
A smaller part of the application of structural adhesives is the use in new constructions. One area of
application is in factory built components, such as glued laminated timber. Another area is in on-sight
connections between structural members, such as precast concrete units.
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Modeling rules

In general, currently available FRP materials and components used for bridge engineering have high
strength and low stiffness compared to conventional materials; this is due to the fact that FRP have a
much higher strength-to-stiffness ratio than for example steel or concrete. Therefore design is usually
governed by deflection rather than stress and by Serviceability Limit State (SLS) rather than Ultimate
Limit State (ULS).
Up to now, the design of structures using GFRP components is not yet covered by codes or
standards. However, different associations give recommendation for the structural design with GFRP.
A collection of generally recognized recommendations has been published from the European
structural polymeric composites group EUROCOMP in 1996, [17]. Another code, the draft of a
standard “Design in Bridges and Highway structures”, has been published in the UK in December
2003 [18]; it gives guidance and requirements for the technical approval of highway structures
schemes utilizing FRP. Both are presented in the following chapter.

3.5.1

Eurocomp Design code

The “EUROCOMP Design Code” claims to be harmonious with the Eurocodes. It concerns the
requirements for resistance (ultimate limit state), serviceability (serviceability limit state) and durability
of structures. Numerical values of actions on structures are not content of the Design Code and can be
taken from the Eurocode 1 “Bases of Design and Actions on Structures”.
Table 7: Proposed partial safety factors for materials [17]
Partial safety
coefficient

Value of γm,i
Description (condition i)
Max

Min

γm,1

Derivation of materials properties from test
values (level of uncertainty)

2.25

1.0

γm,2

Material and production process

2.7

1.1

γm,3

Environmental effects and duration of loading

3.0

1.0

Table 8: Proposed values for γm,1 [17]

Derivation of materials properties

γm,1

Properties of constituent materials (i.e. fiber and matrix) are derived from test specimen data

2.25

Properties of individual laminae are derived from theory

2.25

Properties of the laminate, panel or pultrusion are derived from theory

2.25

Properties of individual plies are derived from test specimen data

1.50

Properties of the laminate, panel or pultrusion are derived from test specimen data

1.15
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The partial safety factors for actions (γG; γQ) on buildings structures are given in the EUROCOMP
according to the Eurocode. The partial safety factors for materials γm at the ultimate limit state is the
product of three safety factors: the derivation of materials properties from test values γm,1, the factor
regarding material and production process γm,2, and the factor considering environmental effects and
duration of loading γm,3. They are presented in tables, Table 7 to Table 10.
Table 9: Proposed values for γm,2 [17]
γm,2
Method of manufacture

Fully
postcured

Not fully
postcured

Hand-held spray application

2.2

3.2

Machine-controlled spray application

1.4

2.0

Hand lay-up

1.4

2.0

Resin transfer moulding

1.2

1.7

Pre-preg lay-up

1.1

1.7

Machine-controlled filament winding

1.1

1.7

Pultrusion

1.1

1.7

Table 10: Proposed values for γm,3 [17]

Operating
design
temperature

25 – 50 °C

0 – 25 °C

3.5.2

γm,3

Heat
distortion
temperature
(HDT)

Short term
loading

Long term
loading

55 – 80 °C

1.2

3.0

80 – 90 °C

1.1

2.8

> 90 °C

1.0

2.5

55 – 70 °C

1.1

2.7

70 – 80 °C

1.0

2.6

> 80 °C

1.0

2.5

Draft of “Design in Bridges and Highway structures”

The Draft of “Design in Bridges and Highway structures” presents the requirements for the design of
bridges and highway using structural members made of FRP materials. The draft includes the
following parts of a highway bridge: roadway decks, supporting members, connections between the
roadway deck and supporting members; surfacing system, joints parapet anchorage, ancillaries [18].
The draft proposes to following material factors for ultimate limit state and serviceability limit state. It
distinguishes between the use of FRP bridge decks and FRP main beams. Using FRP main beams
higher material factors for ULS and SLS shall be applied.
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At ultimate limit states the material factors given in Table 11 shall be applied to each relevant
component capacity supplied by the FRP designer. These factors shall be multiplied by a further factor
of 1.1 for automated processes such as pultrusion, and 1.3 for semi-automated or hand techniques,
such as resin transfer molding, pre-preg molding or hand lay-up. The safety factors take into account
effects such as creep, stress rupture, moisture uptake, temperature variation, and general
degradation. The material factors at ULS shall be applied to strength.
Table 11: Material factors to be applied at ULS according to [18]
Partial safety factor for material/components at ultimate limit state

Material

FRP Deck (slabs)

FRP Main Beams

Transient loading

Permanent loading

Transient loading

Permanent loading

(live loads)

(dead loads)

(live loads)

(dead loads)

GFRP

1.7

3.0

3.0

4.5

AFRP

1.7

3.0

3.0

4.5

CFRP

1.5

2.0

3.5

4.5

At the serviceability limit state the material factors given in Table 12 shall be applied to each relevant
component property supplied by the FRP designer. These factors shall be again multiplied by a further
factor of 1.1 for automated processes and 1.3 for semi-automated or hand techniques. The material
factors at SLS shall be applied to modulus and strength.
Table 12: Material factors to be applied at SLS according to [18]
Partial safety factor for material/components at serviceability limit state

Material

FRP Deck (slabs)

FRP Main Beams

Transient loading

Permanent loading

Transient loading

Permanent loading

(live loads)

(dead loads)

(live loads)

(dead loads)

GFRP

1.2

1.5

1.8

2.5

AFRP

1.2

1.5

1.8

2.5

CFRP

1.1

1.25

1.5

2.3
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Design examples in Bridge Engineering

3.6.1

Strengthening, Seismic retrofit, Rehabilitation

Strengthening includes rehabilitation and upgrading of existing concrete structures. Rehabilitation is
the strengthening of an existing structure in order to repair structural deterioration, whereas upgrading
has the aim of increasing the load-carrying capacity of structures due to functional use changes. In
both cases, tensile reinforcements are applied on existing structures. The first method of strengthening
concrete was the bonding of steel plates to the reinforced concrete (RC) structure. But in recent years,
there has been extensive research on the use of fiber reinforced polymer (FRP) plates/sheets to
replace steel plates. Using FRP materials instead of steel has the primary advantage of easy
installation due to the high strength to weight ratio and secondly the advantage of a high corrosion
resistance. The primary strengthening components in use are strips, sheet elements, prestressing
rods and external cables. Figure 3-2 shows typical strengthening methods of slabs and beams on the
example of the Duttweiler Bridge in Switzerland.

Figure 3-2: Duttweiler Bridge, Switzerland. Left: Strengthening of the deck slab with crossed CFRP
strips, anchoring of transverse strips in cross-beam. Right: Strengthening of cross-beam with strips
and crossed L-shaped plates
FRP reinforcements such as strips, sheets, and FRP shells are also used for containment of concrete
columns and walls subjected to seismic action. Improvements in ductility factors of up to 10 fold can
be realized through the use of FRP column wrapping.
Replacing conventional concrete bridge decks with FRP composite bridge decks delivers a viable
solution for rehabilitation of existing bridges. The benefits of FRP replacing decks are their low weight
(increasing the live load capacity of the bridge structure), increased durability (highly resistant to
corrosion and fatigue), high strength, rapid installation, lower or competitive life-cycle cost, and high
quality manufacturing process under controlled environments. Compared to cast-in-place RC decks,
FRP decks weigh 80% less. Figure 3-3 shows three different types of FRP bridge deck systems
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Figure 3-3: Different FRP bridge deck systems: a) Kansas deck [26], b) Duraspan Deck from Martin
Marietta [27] and c) Superdeck [28]

3.6.2

FRP cables and reinforcement for concrete structures

FRP cables are advantageously used in bridge engineering due to their high strength to weight ratio
and corrosion resistance. Typical applications are suspension and stay cable bridges, pre-stressed
tendons for concrete structures and external reinforcement for beams. As an example, Figure 3-4
shows the external CFRP cable reinforcement of the Verdasio Bridge in Switzerland.

Figure 3-4: Verdasio Bridge, Switzerland repaired in 1998. Left: Longitudinal section of bridge showing
carbon fibre cables in polygonal path. Right: External carbon fibre cable reinforcement [4]
For stay cable bridges the high specific strength (strength/mass density of the material) is favorable,
as the maximum span of the bridge is limited by the dead weight of the cables. Using high strength
steel, the theoretical limit of the span is about 5000m, whereas the theoretical length can be doubled
while using aramid cables [2].
Another application of FRPs is the reinforcement in reinforced concretes. FRP reinforcements include
textiles, rebars, internal tendons and short fibers. The advantage of using FRP reinforcement instead
of steel is the high resistance to corrosion of the material, the high strength to weight ratio and the low
electrical conductivity.
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Hybrid new structures

In the case of new hybrid bridge structures, FRP materials are combined with traditional materials and
work as composite structures. Some existing examples of these innovative bridge structures are
presented in the following:
The first hybrid traffic bridge was built in China in 1982. The structure is a simply supported two lane
bridge designed for truck loads up to 30 tons with a span of 20m. It consists of six honey comb
sandwich GFRP box girders and a reinforced concrete slab. After three years under service, there was
a local depression in one deck due to the instability of the honeycomb and local buckling at the
compression part of a web. The bridge was examined and repaired in 1987. The concrete slab was
replaced and connected with high strength shear bolts to the box girders, so that the GFRP beam
became a GFRP-concrete composite beam [23].

Figure 3-5: Kings Stormwater Channel Bridge by Seible et al. 2000 [24]
In 2000, the Kings Stormwater Channel Bridge was built in California following the research by Seible
et. al., see Figure 3-5. The two-span highway bridge is 20 m long (each span 10 m) and 13 m wide.
The main girders and piers are made of prefabricated thin filament-wound carbon/epoxy shells filled
on-site with light weight concrete. The shell served as longitudinal reinforcement, as circumferential
confinement and acted as stay-in-place formwork for the concrete core. The concrete provided the
transfer of the compression forces and stabilized the thin shell against buckling. The connection
between the deck and the carbon shell girders was created with shear connectors, embedded into the
carbon shell system during grouting [24].
In 2002, van Erp et al. constructed a hybrid bridge in Toowoomba, Australia. The concept combines
plain concrete in the compression zone and hollow tube sections consisting of fiber composites to
create a durable highly optimized structure. The bridge has a span of 10m and is 5m wide, where
individual beams are placed side by side, bonded with epoxy adhesive together and connected on the
bottom with a transversal laminate in order to achieve a plate behavior and transverse stiffness [25].
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All-composite new structures

All-composite new structures, especially bridge superstructures, are constructed exclusively of FRP
materials. The abutments and piers usually consist of traditional materials. Trusses built out of
pultruded profiles, modular construction systems and hand-laminated cross sections have been
developed.

Figure 3-6: Pontresina foot bridge in Switzerland 1997 [4] and Kolding foot bridge, Denmark 1997 [4]
Since the 1980’s primarily pedestrian bridges with trusses built out of pultruded profiles have been
constructed. The pultruded shape connections were generally bolted. However, the Pontresina Bridge
in Switzerland built in 1997 was the first pedestrian bridge with adhesively bonded connections [4].
The Pontresina foot bridge is shown together with the all-composite cable-stayed foot bridge in
Kolding, Denmark (1997) in Figure 3-6.
In 1992, the modular advanced composite construction system (ACCS) was developed in the UK. The
pultruded multi-cell panels and single-cells are used in footbridges [2].
Hand-laminated U-shape girders were first incorporated in the Smith Road Bridge in Ohio in 1997.
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Lacking knowledge and further research needs

FRP materials in bridge engineering structures are still new compared with conventional materials.
Simplified standards and design codes for the structural application of FRP should be provided. There
is still the need for more detailed studies of the constructional concepts and economical aspects of
FRP implementation. The following summarizes the most important topics to focus on:
•

Long term behavior – durability: FRP materials are relatively new in bridge engineering,
thus there is still a greater uncertainty over their long-term behavior. One main advantage of
FRPs is the good resistance to environmental effects. However, the attack of alkaline
solutions on glass fibers under real conditions is not yet well defined for structural applications
[4].

•

Design methods, codes: Up to now, the design of structures using FRP is not officially
normalized in any code. However, already existing recommendations and guidelines for the
structural design with FRPs could form the basis for an official code.

•

New material adapted structural concepts: The literature review shows that all-composite
structures, as well as hybrid structures, where different materials such as concrete and FRP
are combined to create material adapted structural concepts offer a good potential in bridge
engineering, due their high strength, light weight and good durability properties. However, the
majority of all-composite and hybrid concepts still exhibit poor economic performance due to
an uneconomical practice of material substitution (i.e. all-composite structures that copy
conventional steel shapes). Thus, in order to fully exploit the potential of FRPs, these
concepts have to be replaced with new structural concepts adapted to the specific material
properties.

•

Economic manufacturing methods: Since the material and manufacturing costs of FRPs is
often a considerable drawback, research should be expanded in the areas of design
optimization of manufacturing. In particular, faster and more economically efficient production
methods need to be investigated.

•

Connection technology and anchorage systems: The connection technology between
FRP-FRP and FRP - conventional materials should be studied in order to improve composite
load transfer between the different materials, and to simplify the installation and thus improve
the cost-effectiveness. An other important topic of further research is the anchoring
technology for prestressing cables to permit the utilization of the full cable capacity [24].
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4 CONCLUSIONS
Chapters 2 and 3 have indicated the major key issues of design rules for using ultra-high performance
fiber reinforced concrete materials and fiber-reinforced polymers, with reference to useful more
detailed guidelines. These new materials have already been used in prototype applications, which
indicates that present design rules are, if not optimal, at least usable and with wide enough domain
covered for possible prospective engineering use. Domain of materials for relevant application of
theses design rules have been précised in the previous chapters, as well as physical and durabilityrelated properties, which may constitute a matter of selection among possible materials. Some
subjects of lacking information and further research needs have also been pointed out.
Both types of materials detailed here appear as highly performing within the frame of industrially
fabricated products of optimized shapes. Adaptation of this situation to needs of prototype dimensions
for particular bridge projects and jobsites has to be considered. Assembling and connecting such
prefabricated components also appear as a key issue for the structural design and a critical point for
feasibility and economy. To this aim, other materials and components may have to be used : light (but
shear resisting) “filling” material within a sandwich element, keying metallic components, adhesives,
etc. This domain of materials could not be explored within the framework of 3.2 work package in its
initial configuration, but might need consideration in the following. It may have to be précised in
connection with work package 3.3 (structural preliminary design).
Lightness and deformability appear as major characteristics of the new (UHPFRC and FRP) materials
considered in this report, when used in optimized structures. The structural design has to face the
deflections and vibrations control as increasingly critical issues, and tools of structural control may
appear as key parts of the future structural design. This will also have consequences in the
management and maintenance of future bridges.
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5 GLOSSARY - FRP
Adhesive – A substance capable of holding two materials together by surface attachment.
Additives – The term used for a large number of specialist chemicals which are added to resins to
impart specific properties (such as flame-retardancy, impact improvement, UV resistance).
Anisotropic – not isotropic; having mechanical and/or physical properties which vary with direction at
a point in the material.
Cure – The process of hardening of a thermosetting resin (by cross-linking of the molecular structure),
under the influence of heat and/or curing agents.
Decomposition Temperature (Td) – The temperature where decomposition occurs. Once
decomposition begins, all changes are irreversible and permanent. When the resin has completely
decomposed, the composite is no longer able to resist any forces.
Filament – The smallest unit of a fibrous material. The basic units formed during spinning and which
are gathered into strands of fiber. Filaments usually are of extreme length of very small diameter.
Filament Winding – A process that employs a series of continuous, resin-impregnated fibers applied
to a mandrel in a predetermined geometry under controlled tension.
Filler – A relatively inert substance added to a material to alter its physical, mechanical, thermal,
electrical or other properties or lower cost. Sometimes the term is used specifically to mean particulate
additives.
FRP – Fiber Reinforced Polymers.
Glass Transition Temperature (Tg) – The approximate midpoint of the temperature range over which
the glass transition takes place, below which the polymer fails in a brittle manner and above which it
behaves as a rubbery solid.
Hand Lay-up – A process in which resin and reinforcement are applied either to a mould or to a
working surface, and successive plies are built up and worked out by hand.
Heat Distortion Temperature – The temperature at which a standard beam under controlled heating
conditions reaches a prescribed deflection (ISO 75).
Isotropic – Having the same properties irrespective of direction.
Lamina – A single ply or layer in a laminate of layers (plural laminae).
Laminate – A product made by bonding together two or more layers or laminae of material or
materials.
Lay-up – A process of fabrication involving the assembly of successive layers of resin-impregnated
material.
Matrix – The essentially homogenous material in which the fibers of a composite is embedded. It
consists of a resin system with or without additives or fillers.
Molding – The forming of a polymer or composite into a solid mass of prescribed shape and size
within or on a mold, possibly accomplished under heat and pressure; sometimes used to denote the
finished part.
Orthotropic – Having three mutually perpendicular plans of elastic symmetry.
Ply – synonymous with lamina.
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Polymer – An organic material composed of molecules characterized by the repetition of one or more
types of monomeric units.
Postcure – Additional elevated temperature cure, usually without pressure, to improve final properties,
complete the cure, or both.
Pre-preg – Ready to mold or cure material in sheet form which may be fiber, cloth or mat impregnated
with resin and stored for use. The resin is partially cured to a B-stage and supplied to the fabricator for
lay-up and cure.
Pultrusion – Process for manufacture of composite profiles by pulling layers of fibrous materials,
impregnated with a synthetic resin, through a heated die, thus forming the ultimate shape of the
profile. Used for the manufacture of rods, tubes and structural shapes of constant cross-section.
Resin – The polymeric material used to bind together the reinforcing fibers in FRP.
Resin Transfer Molding (RTM) – A closed mould process in which dry reinforcement in the form of
mat or cloth is placed into a matched mould. Resin is then injected in to fill the cavity and flows
through the fibers to fill the mould space.
Source [8]; [17]
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6 APPENDIX - FRP

Table 13: Overview Properties of different fibers
Physical characteristics

E-Glass Fiber

Aramid Fibers

Carbon Fibers

Fiber structure [1]

Isotropic

Anisotropic

Anisotropic

Fiber diameter [μm] [1]

3 – 13

12

6-7

Density [kg/dm ] [1]

2.6

1.4

1.7 – 1.9

Electrical conductivity

no

no

yes

Coefficient of thermal expansion [10 /K]

5–6

Axial: -3.5
Radial: 60

Axial: -0.1 to -1.3
Radial: 18

Resistance to high temperature [11]

Generally resistant

Attacked

Generally resistant

Mechanical characteristics

E-Glass Fiber

Aramid Fibers

Carbon Fibers

Tensile strength [MPa] [2]; [20]

2400

3100 – 3500

1500 – 5300

Modulus of Elasticity [GPa] [2] ; [20]

70

60 – 180

200 – 600

Ultimate strain [%] [2]

3.5 – 6.0

2.0 – 4.0

0.5 – 2.0

Resistance to creep [14]

Generally resistant

Generally resistant
(higher than glass)

Resistant

Resistance to fatigue

Slightly attacked

Generally resistant
(higher than glass)

Resistant

Resistance to environmental effects

E-Glass Fiber

Aramid Fibers

Carbon Fibers

Strong acids pH below 4 [11]

Attacked

Slightly attacked

Generally resistant

Weak acids pH in the range of 4-7 [11]

Slightly attacked

Generally resistant

Generally resistant

Weak alkalis pH in the range of 7-10 [11]

Attacked

Generally resistant

Generally resistant

Strong alkalis pH above 10 [11]

Attacked

Slightly attacked

Generally resistant

Resistance to moisture

Attacked

Slightly attacked

Generally resistant

Resistance to organic solvents i.e. petroleum
based products [11]

Generally resistant

Generally resistant

Resistance to oxygen; ozone; ambient sources [11]

Generally resistant

Slightly attacked

Attacked

Generally resistant

3

-6

Resistance to ultra violet radiation [11]

Generally resistant
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Table 14: Overview of different polymer resin properties
General characteristics

Polyester (UP)

Epoxy (EP)

Vinyl Ester (VE)

Phenolic

1.1 – 1.3

1.1 – 1.3

1.2

1.0 – 1.25

Coeff. of linear expansion [10 /°C] from
[2]

100 – 110

45 – 65

80

Tg Glass transition temperature [°C]
from [4; 10]

70 – 120

100 – 270

Higher than UP

Mechanical characteristics

Polyester (UP)

Epoxy (EP)

Vinyl ester (VE)

Phenolic

Tensile strength [MPa] from [2;4;14;18]

20 – 90

60 – 110

90

60 – 80

Young’s modulus E [GPa] from [2;4;18]

2 – 4.6

2–4

4

3–4

Poisson’s ratio [14]

0.36

0.38

0.36

0.35

Elongation at failure [%] from [2;4;18]

1–5

1–8

Betw. UP - EP

1.0 – 1.8

Resistance environmental effects

Polyester (UP)

Epoxy (EP)

Vinyl Ester (VE)

Phenolic

Water Absorption [%/24h] [11]

0.15 – 0.6

0.1

0.1-0.2

Weak acids pH - range of 4-7 [11]

Slightly attacked

Generally
resistant

Generally
resistant

Strong acids pH below 4 [11]

Attacked

Slightly attacked

Generally
resistant

Weak alkalis pH - range of 7-10 [11]

Attacked

Generally
resistant

Generally
resistant

Strong alkalis pH above 10 [11]

Attacked

Generally
resistant

Generally
resistant

Resistance to organic solvents [11]

Slightly attacked

Generally
resistant

Generally
resistant

Resistance to oxygen; ozone; ambient
sources [11]

Attacked

Slightly attacked

Resistance to ultra violet radiation
[4;11]

Attacked

Generally
resistant

Slightly attacked

Process ability

Polyester (UP)

Epoxy (EP)

Vinyl Ester (VE)

Curing process

Cure at room
temperature and
elevated
temperature

Best properties
obtained with
curing at elevated
temperature

At specific
temperature

Shrinkage on cure [%] [1,14]

6 – 10

1–3

~5

3

Density [kg/dm ] from [4;18]
-6
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