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The primary objective of this study was to develop a new type of high-performance lightweight beam
with improved performance over conventional reinforced concrete (RC) by adding fibre-reinforced
polymer (FRP) reinforcing rebar to ultra-high-performance concrete with microfibre reinforcement
(UHPC-SFR). This new type of beam was designed to be lightweight, to have high compressive and tensile
strength, to be able to sustain large bending moments, and to be resistant to shear. The main objective
was to verify the mechanical behaviour of the beams and to compare it with the behaviour of typical RC
beams. An experimental program was designed to identify its failure modes and bending behaviour. The
results indicate that the behaviour of such RC beams is comparable to typical RC beam behaviour to a
certain extent. An analytical model for validating this concept is presented here, which is based on the
typical material behaviour law hypotheses of nonlinear mechanical beam behaviour. The load
—displacement and moment—curvature relationships predicted using this model were compared to the
experimental results obtained for several large-scale specimens. The comparisons revealed a good cor-
relation between the analytical and experimental results and illustrate the potential of these composite

beams in civil engineering structures.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Research and development on the application of high-
performance materials in the field of civil engineering has pro-
gressed significantly throughout Europe and the world in recent
years, which has included the study of advanced materials such as
ultra-high-performance micro-fibre-reinforced concrete (UHPC-
SFR) and fibre-reinforced polymer (FRP). UHPC-SFR is strong under
both compression and tension and can contribute to the mitigation
of the effects of environmental exposure due to its low perme-
ability. Thus, the use of this material is expected to increase,
especially when sustainable development principles are considered
[1]. In addition, the use of UHPC enables designers to create thinner
sections and longer spans that are lightweight, graceful and inno-
vative in both geometry and form, with low permeability and good
durability with respect to corrosion, abrasion and impact [2]. Shear
stirrups can be eliminated, which enhances safety, reduces weight
and allows for faster construction. Furthermore, its durability re-
duces the maintenance requirements and extends the service life.
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All of these factors contribute to reductions in cost [3]. Finally, use
of UHPC in construction has increased significantly throughout the
world to such a degree that new ways to optimize its use are now
necessary [4,5].

Recently, the use of fibre-reinforced polymer (FRP) rebar to
replace steel rebar has emerged as one of the many techniques
proposed to enhance the corrosion resistance of reinforced con-
crete structures. It has already been used for strengthening, reha-
bilitation and new construction. In particular, FRP rebar offers great
potential for use in reinforced concrete construction under condi-
tions in which conventional steel-reinforced concrete has exhibited
unacceptable performance [6,7].

In emerging construction fields, research on hybrid structural
members that use FRP materials combined with other high per-
formance materials to yield new structural advantages has mark-
edly increased [7,8]. The objectives of these new designed hybrid
members are to enhance global structural performance and
corrosion resistance but also to save costs compared to conven-
tional steel construction. A study on the construction of an FRP-
reinforced concrete bridge deck in Wisconsin has revealed that
conventional construction technology and normal strength con-
crete can lead to a 57% savings in construction labour costs
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compared to the construction of a nominally identical steel rebar
reinforced deck [9].

Moreover, many studies have focused on the bond-slip behav-
iour of FRP rebar embedded in concrete to prevent unexpected
debonding [10—15]. It has been shown the increased concrete
strength corresponds to the increased FRP rebar strength [16]. The
use of UHPC could allow the full composite action of the FRP rebar
to be developed. The bond behaviour between UHPC-SFR and FRP
rebar is not developed in the present study, although this property
represents another benefit of combining these two high-
performance materials.

Here, we present the experimental results of an investigation of
a new type of RC beam composed of UHPC-SFR and reinforced with
carbon fibre-reinforced polymer (CFRP).

To minimize the amount of UHPC and to improve the full use of
the compressive strength, a specific cross section of the beam is
proposed. When the UHPC is associated with FRP rebars, it may
develop a higher tensile stress at failure. The level of material stress
at failure is improved by the combination of two high-performance
materials. The first cross section is a UHPC hollow section designed
to avoid shear failure. The second configuration is designed to only
include UHPC in areas where strength is essential, such as at the top
and bottom for compression and tension resistance. A layer of
UHPC is cast in the lower and upper beam parts on a few centi-
metres. In between, standard C25 concrete is used.

The experimental testing was conducted on beams with 2- and
4-m spans for which the high performance of this innovative RC
structural configuration was demonstrated. Three types of sections
were considered. The objective was to develop different failure
modes. To accomplish this objective, the geometry of the section
was adapted for each case study. We sought to avoid was tensile
failure of the FRP reinforcements.

2. Design of FRP-UHPC SFR beams
2.1. Material

2.1.1. UHPC-SFR

The ultra-high-performance concrete used was a Ductal® G2
premix. To evaluate its mechanical properties, mechanical tests
were performed on each concrete batch. The beams were cast in
four different batches. Six UHPC prisms are subjected to four-point
bending tests to measure their modulus of elasticity E. and flexural
strength (Table 1). Six cylindrical concrete specimens were
compression tested 28 days after casting, in accordance with the
specifications of the UHPC standard from JSCE [17]. A mean
compressive strength f. of 171 + 1.8 MPa was obtained.

UHPC-SFR has been thoroughly studied regarding tension, and
several mechanical laws are available. Won et al. [ 18] confirmed the
properties of UHPC-SFR internally reinforced with micrometallic

Table 1
Parameters of the mechanical behaviour laws (mean values).
Material Property Parameter Value
UHPC Compression fea (MPa) 171
fcudd (%) 0.27
Tension fetker (MPa) 13.4
euel” (%) 0.02
feen® (MPa) 25.9
Young's modulus E. (GPa) 53.9
CFRP rebar Tension fip® (MPa) 1890
fl'cd (%) 135
Young's modulus Efrp (GPa) 130

¢ Mean values given by manufacturers.

fibres. An elastic, multi-linear stress—strain relationship for UHPC-
SFR proposed by Habel et al. [19] and revised in AFGC 2013 rec-
ommendations [2] was used to model the mechanical behaviour of
the UHPC-SFR concrete (Fig. 1). For concrete, the strain values
corresponding to critical levels on the stress—strain curve are
shown in Table 1 and were determined by the equations below,
using the low strain hardening law. The tensile stress correspond-
ing to the initial cracking is fetkel/Ycr, With a strain value given by
euel = 0.02%. The maximum point of the tensile stress—strain
relationship is defined by the stress corresponding to fe/(Yer K)
with a strain value corresponding to eypeak.
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Fig. 1. Stress—strain relationship of the materials.
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