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1. Introduction

The efficiency of existing reinforced concrete
structures strengthening with ultra-high performance fibre
reinforced concrete (UHPFRC) have been studied by many
authors [1-7]. However, not enough investigations are di-
rectly concentrated on experimental and theoretical analysis
of newly cast concrete-UHPFRC/RC members structural
behaviour [8, 9]. Relatively high price of UHPFRC sets a
limits to carry out experimental analysis, especially in less
developed countries. Due to this reason numerical and ana-
Iytical calculation models of composite flexural members
have to be fully analysed, safe to use, and to be as simple as
possible for practical application. For this purpose, many re-
search has to be carried out for clear understanding of com-
posite members structural behaviour. Contribution of every
scientist to this topic is very important.

Mechanical properties of ordinary concrete can be
found in European design standard [10], national technical
regulations, design codes [11, 12] and can be safely used for
design of reinforced concrete structures. However,
UHPFRC has only interim design recommendations [13],
which does not present classification by compressive
strength class as it is clearly done for ordinary concrete.
However, in contrast to concrete, the tensile response of
UHPFRC takes more important role on structural behaviour
of flexural reinforced concrete members. Depending on
such factors as mix components, amount of steel fibres,
technological difficulties, this type of concrete has large va-
riety on tensile strength and post-peak response. Direct uni-
axial tensile tests have not been standardised and are diffi-
cult to carry out, therefore various inverse analysis methods
[13, 14] have been made for this purpose and applied for
uniaxial tensile response determination from more simple
tests. Various tensile test setups can be found in literature
[15, 16]. All these problems determine large variety of ten-
sile properties, which make significant contribution in addi-
tional inaccuracies of results of analytical and numerical
structural behaviour calculations. Standardised documents
with tensile response classification would help to minimize
errors due to the influence of inaccurate mechanical proper-
ties.

As it was observed in previous studies [1-9], rein-
forced concrete beams strengthened or newly cast with ad-
ditional UHPFRC layer in tension zone of the member can
exhibit better structural performance. Application of
UHPFRC determines enhanced flexural and shear capacity,

increased stiffness, reduced crack widths and spacing, de-
layed formation of localized macrocracks, also it serves as
protection function for reinforcement due to its low water
permeability [3, 8].

Numerical analysis of UHPFRC beams can be
found in scientific papers [17-20]. Comparison of humerical
and experimental results showed that finite element (FE)
method is capable for predicting UHPFRC flexural mem-
bers structural behaviour. Concrete damaged plasticity
(CDP) [21] model given in FE software ABAQUS is suita-
ble for concrete and UHPFRC. However, comparing differ-
ent scientific papers [17-20] can be found different parame-
ters describing concrete plasticity. Furthermore, it can be
observed that it is usual to use stress-strain relation of tensile
concrete, which influences on increased mesh dependency.
ABAQUS provides post-failure stress-displacement relation
for tension concrete, which can be defined by post-failure
stress and crack displacement relation in tabular form or
specified by fracture energy directly as a material property
[22]. This would help to predict the tensile post-failure
model which would be suitable for numerical analysis with
minimized mesh dependency. Fracture energy of ordinary
concrete can be calculated using the methodology presented
in CEB/FIP model codes [11, 12]. It is necessary to empha-
size that older and new model codes give different values of
fracture energy. For UHPFRC fracture energy can be deter-
mined from experimental tests or calculated according to al-
ready suggested methods [16, 23, 24]. However, due to dif-
ferent mix compositions, fibre type and volume percent,
these methods have some limitations, and it is necessary to
determine its applicability to structural members.

Numerical analysis of flexural concrete-
UHPFRC/RC composite members requires moreover
knowledge for prediction of its structural response. In some
cases, additional attention should be paid to interface mod-
elling between different composites. This paper is intended
for deformational analysis of newly cast flexural concrete-
UHPFRC/RC composite members. Experimental and nu-
merical analysis is carried out and the results are compared.

2. Experimental investigations
2.1. Test programme

Experimental investigations were carried out on
purpose to determine the structural behaviour of flexural
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concrete-UHPFRC/RC composite members. Test pro-
gramme consisted of concrete, UHPFRC and steel rein-
forcement properties characterisation tests and determina-
tion of structural behaviour of 6 intermediate-scale beams
using 4-point bending tests (Fig. 1).

[ e —
Fig. 1 Test setup of concrete-UHPFRC/RC composite beam

-

2.2. Mixtures and material properties

Two different mix compositions were used in ex-
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@14 mm, top reinforcement g10 mm and shear reinforce-
ment 88 mm. Average yielding strength fs, = 565.4 MPa and
ultimate strength fy = 652.4 MPa, modulus of elasticity
Es = 200 GPa.

In present study straight steel fibres (2% by vol-
ume) with tensile strength fq,y = 2750 MPa were used only
for UHPFRC mixture. Fibre length If= 13 mm, diameter
dr = 0.21 mm, aspect ratio It/ d; = 62, modulus of elasticity
Efb,s =200 GPa.

2.3. Specimens and test setup

Test setup of reinforced concrete beams and con-
crete-UHPFRC/RC composite beams are shown in Fig. 4.
In total, four concrete-UHPFRC/RC composite beams were
cast and tested in experimental program. In order to deter-
mine the effectiveness of composite beams, two rectangular
cross-section RC beams were cast additionally. Beams types
and properties are given in Fig. 2 and Table 4.

perimental program. Mix composition for concrete is given Type 1 Type 2 Type 3
in Table 1, and UHPFRC mixture is presented in Table 2.
Table 1 =
Mix composition of high strength concrete —*
- b
Materials Qll(ja?t'gy' ) )
g/m Fig. 2 Beams cross-section types
CEM1425R 360
Water 150 Table 4
Coarse aggregate (gravel 4/16 fr.) 922 capti ;
Fine aggregate (sand 0/4 fr) 507 Beams cross-section properties
Superplasticizer 2.16 Beam Beam h, hi/ha, b, Asy,
type description mm mm mm | mm?
Table 2 Typel B1-200-2d14 | 198 | - [ 159 | 308
. .. . Typel B2-200-2d14 199 — 160 | 308
Mix composition of ultra-high performance concrete Type2 | B3-50/150-2d14 | 199 | 497150 | 159 | 308
Materials Quantity, Type2 B4-50/150-2d14 198 | 48/150 | 160 | 308
kg/m?® Type3 B5-70/130-2d14 199 | 70/129 | 159 | 308
CEMI1525R 735 Type3 B6-70/130-2d14 199 | 69/130 | 161 | 308
Water 158
SiO2 powder 99 In the middle of the beams strain gauges were in-
Glass powder 412 stalled to measure the strains in top and bottom rebars. Spe-
Quartz sand (0/2 fr.) 962 cial covering tape was used to protect strain gauges from
Superplasticizer 36.76 mechanical damage and water. Additional steel rebars were
Straight steel fibres 13/0.2 (2% by vol.) 157 welded in both sides of strain gauges in order to compensate

Concrete and UHPFRC properties characterisation
tests were carried out at the age of 28 days. Average values
of mechanical properties are presented in Table 3. Tensile
strength of concrete and UHPFRC were measured indi-
rectly, from flexural tensile strength tests.

Table 3
Mechanical properties of concrete and UHPFRC
Average values of mechanical properties | MPa
Concrete (HSC)
Cylindrical compressive strength, fem 51.8
Tensile strength, fem 3.84
Secant modulus of elasticity, Ecm 33380
UHPFRC
Cubical compressive strength, fem,100 138.2
Flexural tensile strength, fom i 11.59
Secant modulus of elasticity, Ecm 44390

All beams were reinforced with the same rebar
cages, grade B500B. Longitudinal bottom reinforcement

the bond loss, which was done in the zone of covering tape.
The cables of strain gauges were put out through the frame-
works and during the testing of beams the cables were con-
nected to strain measuring equipment. Prepared rebar cages
are shown in Fig. 3.

Fig. 3 Strain gauges installed on rebar cages and protected
by special covering tape

The experiments were carried out on purpose to
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simulate the production of new concrete-UHPFRC/RC flex-
ural composite beams. Considering to concrete and
UHPFRC mix properties and workability, it was chosen to
cast the beams upside down and start casting from concrete
layer. Vibro table was used to compact the concrete mix.
After that the second layer of UHPFRC was cast and full
beam vibrated on vibro table. The time between casting
phases was minimised in order to achieve the best bond con-

UHPFRC.

The ends of longitudinal rebar were welded to per-
pendicular anchoring steel rebar in order to avoid slip during
loading and guarantee good anchorage (see Fig. 4).

Three digital indicators were used to measure the
deformations at the mid-span of the beam and at the sup-
ports. Using these measurements, the clear deflection of the
beams was calculated. Scheme of digital indicators arrange-

ditions in the interface zone between concrete and  ment is presented in Fig. 4.
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Fig. 4 Test setup and details of RC beams and concrete-UHPFRC/RC composite beams

3. Numerical investigations
3.1. FE model description

Numerical analysis of tested beams was carried out
using FE software ABAQUS, in which a physically non-lin-
ear analysis was taken into account modelling concrete-
UHPFRC/RC composite beams. This software have been
tested with ordinary RC structures and also with UHPFRC
[8, 17, 25, 26].

3-dimensional model was created for composite
beams numerical analysis. Eight-node linear brick (C3D8)
elements were used for concrete, UHPFRC, steel plates at
the support and for load cell. Two-node linear 3-D truss
(T3D2) elements were used to create longitudinal and shear
reinforcement. All types of reinforcement were embedded
in concrete and UHPFRC. Perfect bond between steel and
concrete (UHPFRC), as well as concrete and UHPFRC was
assumed. Fully constrained contact behaviour was defined
using surface-based tie constraints. All beams were loaded
by displacement control in vertical direction. Initially a
mesh dependency test was performed, and after some cali-
brations 25 mm structured mesh size was chosen for the cal-
culation. In order to reduce the computational cost, a sym-
metrical analysis was performed, in both longitudinal and
transversal axes.

3.2. Material models

CDP model was chosen for modelling concrete and
UHPFRC materials. This model uses concepts of isotropic
damaged elasticity together with isotropic tensile and com-
pressive plasticity. Furthermore, it can be used for plain con-
crete and reinforced concrete structures [22].

Stress-strain relation of compressive concrete
which is given in ABAQUS is presented in Fig. 5. and can
be described using equation (1) [22]:

o, =(1-d,)E, (gc —E‘Cp'), (1)

where d. is damage variable of compressive concrete; Eg is
initial (undamaged) elastic stiffness of concrete; ¢ is strain

of compressive concrete; & is equivalent plastic strain of
compressive concrete.
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Fig. 5 Response of concrete to uniaxial
compression

loading in

Until the crack opening linear stress-stain relation
is used for tensile concrete and UHPFRC. On purpose to
avoid mesh dependency as much as possible in FE model,
post-failure tensile stress-displacement relation (Fig. 6) and
tensile stress-fracture energy relation (Fig. 7) were used in-
stead of stress-strain relation.
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Fig. 6 Post-failure stress-displacement relation in tension
Decreasing branch of tensile ordinary concrete was

calculated according to methodology given in CEB/FIP
Model Code 2010 (Egs. 2 and 3).

o, = Ty (1—0.8ﬂ] forw<w,; @)
Wl
w
Oy = T [O.ZS—O.OSWJ forw, <w<w,, (3)
1

where w is crack opening in mm; ws is G/ fetm in mm when
oct = 0.20 ferm; We iS5 Gt/ fem in mm when ot = 0; Gy is frac-
ture energy in N/mm; fem is mean value of tensile strength
in MPa.

For UHPRFC decreasing branch was described as
post-failure stress-fracture energy (Gy) relation (Fig. 7).
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Fig. 7 Post-failure stress-fracture energy relation in tension

Properties of reinforcement was described as bi-
linear stress-strain relation (Fig. 8).
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Fig. 8 Bi-linear stress-strain relation of reinforcement in
tension and compression

4. Experimental and numerical results
4.1. Effectiveness of concrete-UHPFRC/RC beams

The analysis of load-deflection relationship was
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limited to the maximum load at about the beginning of rein-
forcement yielding point, as it is usual case in the design of
reinforced concrete structures. It can be clearly seen from
Fig. 9 that UHPFRC layer in tension zone has positive effect
on concrete-UHPFRC/RC composite beams structural per-
formance in comparison to RC beams.
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Fig. 9 Experimentally measured deflection at midspan

After the crack opening high amount of small steel
fibres has a significant role on crack propagation. Instead of
wide and rarely distributed cracks, it is fine and more
densely distributed ones (Fig. 10), which determines stiffer
structural behaviour of composite members.
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Fig. 10 Cracking patterns of different type of tested beams
at failure load

The tensile force is transferred by reinforcement
and steel fibres, therefore yielding of reinforcement is
reached at higher loads. Steel fibres are very strong (tensile
strength fm,y = 2750 MPa) and short (13 mm), therefore it is
pulled out from concrete matrix due to not enough anchor-
age length. This determines many fine and densely distrib-
uted cracks. However, for UHPFRC/RC flexural members
with high amount of steel fibres more intense multiple
cracking can be observed [27], while for concrete-
UHPFRC/RC composite beams cracking pattern is not such
intense (Fig. 10).



Beams B1 and B2 (type 1) were taken as reference
ones and compared to composite beams type 2 and type 3.
The influence of 50 mm layer of UHPFRC in tension zone
can be explained in such a way. Until the crack opening the
curves have similar slope, however at higher loads it has im-
portant differences. Several points can be taken for clear ex-
planation. Taking the average values of both type 2 beams,
the reduction of composite beams deflection at
60 kN — 37.73%, 80 kN —30.98%, 100 kN — 30.27% and
120 kN — 27.54%. Furthermore, load bearing capacity is
also increased: average yielding load for type 1 beams is
about 130.4 kN and failure load 153.89 kN, while for type 2
beams 166.46 kN and 178.21 kN, respectively. Theoreti-
cally, UHPFRC layer thickness has influence on member
stiffness, however under this experiment conditions it was
obtained similar results between beams with 50 mm and
70 mm UHPFRC layers. This could be explained due to pos-
sibly different fibre orientation in these members and other
possible factors which could be related to behaviour of
UHPFRC layer. For type 3 beams the average yielding and
ultimate loads are 160.83 kN and 179 kN, respectively.

Middle section of the beams was chosen to deter-
mine the strains and stresses in reinforcement experimen-
tally. It was determined during the experiment that not for
all beams the first crack opened in the middle section of the
beam, where strain gauges were installed, but in other sec-
tion away from the strain gauges. This influenced on lower
reinforcement stress immediately after the crack opening. It
can be observed for beams B3 and B4 in Fig. 11. At higher
loads, when the crack opened in midspan of the beam the
tensile stress of reinforcement is similar.
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Fig. 11 Total load-stress in tensile rebar stress relation

The same load steps as for deflection analysis can
be chosen to compare tensile reinforcement stresses. In this
case type 1 and type 3 beams can be compared, because for
these beams the first cracks opened in middle section, where
strain gauges were installed. Taking B1 and B2 beams as
reference ones, the average reduction of tensile stress in B5
and B6 beams bottom reinforcement at 60 kN — 46.37%,
80 kN — 34.46%, 100 kN — 29.07%, 120 kN — 28.09%.

Using measured strain values in bottom and top re-
inforcement, curvature of all beams were calculated. Results
are presented in Fig. 12.
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Fig. 12 Experimentally determined curvature at midspan

For composite concrete-UHPFRC/RC flexural
members, important role should be paid to interface de-
bonding. However, under this experiment conditions, when
new composite beams were made, it was not observed any
problems due to interface zone.

4.2. Comparison of experimental and numerical results
4.2.1. General information

Two types of beams were modelled using numeri-
cal calculations. Numerically obtained load-deflection rela-
tionships of type 2 and type 3 beams were compared with
experimental results. As it was mentioned above, tensile
strength of UHPFRC has very significant role on structural
performance of flexural composite members. It can be
measured indirectly from 4-point bending tests on un-
notched prisms. However, elastic tensile strength should be
corrected from scale and gradient effects (Eq. 4). As it is
given in interim recommendations [13] the default value of
o number is 0.08 for strain-softening UHPFRC material, and
it should be recalibrated for strain-hardening materials.
CEB/FIP model code 2010 defines o =0.06 for normal
strength concrete and for high strength concrete this number
should be replaced by lower than 0.06 value, which has to
be determined experimentally. Variety of a number deter-
mined to additional inaccuracy of results.
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ctel =

where a is height of the prism in mm.

Despite the fact that calculating elastic tensile
strength from flexural tensile strength, the result is influ-
enced of o number, another significant problem is actual
tensile strength in flexural member. For full scale beams
steel fibres distribution and orientation over the length of the
beam can vary in different sections.

Taking into consideration the facts mentioned
above, numerical analysis was made, assuming different
tensile strength as variable. Average value of flexural tensile
strength, determined from 4-point bending tests is
11.59 MPa. Four different cases were analysed: a1 = 0.04
(fetern = 5.81 MPa), a2 =0.06 (ferei2 = 6.97 MPa), az =0.08
(fete13 = 7.74 MPa), a4 = 0.1 (fereis = 8.29 MPa). In any case,
the variety of tensile strength has significant influence on
structural behaviour of flexural composite members. In all



figures experimental results are indicated with “E” and nu-
merical results with “N”.

4.2.2. Results of composite beams 50/150-2d14

Four different values of UHPFRC elastic tensile
strength were included into analysis. Other mechanical
properties were assumed as constant values as it is given in
Table 3. As it can be seen from Fig. 13, in all four cases nu-
merically calculated load-deflection relations immediately
after crack opening show lower values of deflection in com-
parison to experimental results. The slope of curves de-
creases at higher loads and at about yielding strength it
shows bigger deflections. Approximate value of Gs fracture
energy was chosen equal to 15 N/mm, which could be pos-
sible for UHPFRC, higher and lower values were also
checked, but under this analysis conditions, the sensitivity
of Gt parameter was not observed and comparison with dif-
ferent values is not presented in this study.
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Fig. 13 Numerical versus experimental load-deflection re-
sults of composite 50/150-2d14 beams

Tensile stress in bottom reinforcement is deter-
mined in quite sufficient range in all four cases (Fig. 14).
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Fig. 14 Numerical versus experimental load-tensile rebar
stress relation of composite 50/150-2d14 beams

The main differences observed immediately after
the crack opening. The first reason for these inaccuracies is
the first crack position over the length of the beam. It can
open anywhere in the pure bending zone. Under this exper-
iment conditions strain gauges were fixed in the middle of
the beam. The second reason is the influence of material
models and FE method. However, the total load at about
yielding point is very similar.
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Bending moment-curvature relation in the middle
span of the beams was also calculated from experimentally
obtained results and compared with numerically obtained
curvature. Fig 15 shows that difference between experi-
mental and numerical curvature is minimum.
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Fig. 15 Numerical versus experimental bending moment-
curvature relation of composite 50/150-2d14 beams

4.2.3. Results of composite beams 70/130-2d14

The results of composite beams B5 and B6 have a
little bigger inaccuracy comparing experimental and numer-
ical relationships presented below (Figs. 16-18). At first, it
should be noted that under this experiment conditions the
results of composite beams B5 and B6 were very similar to
beams B3 and B4. The explanation of this similarity is given
in section 4.1. In numerical model, assuming all mechanical
properties and cross-section parameters the same, except
UHPFRC layer thickness, undoubtedly has significant influ-
ence on structural performance of composite beams. There-
fore, higher stiffness of FE curves could be explained not
only due to influence of FE model, but also due to many
factors (tensile strength of concrete and UHPFRC, cracks
distribution, fibres distribution and orientation, etc.) which
had influence in experimental results. Load-deflection rela-
tion of composite 70/130-2d14 beams are presented below,
in Fig. 16.
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Fig. 16 Numerical versus experimental load-deflection re-
sults of composite 70/130-2d14 beams

Due to above mentioned factors tensile stress in
bottom reinforcement of B5 and B6 beams is different than
it was determined from FE analysis (Fig. 17).
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As for composite beams 50/150-2d14, the same
reasons for 70/130-2d14 had negative influence on differ-
ences between experimental and numerical results. It also
should be noted that material models of UHPFRC (post-fail-
ure tensile stress-displacement relation, post-failure tensile
stress-fracture energy relation) are limited to describe strain-
hardening effect immediately after the crack opening. Using
these models strain-hardening of tensile UHPFRC is ne-
glected and after the crack opening the decreasing of
strength occurs. Due to this reason it is difficult to represent
precise structural behaviour of flexural composite concrete-
UHPFRC/RC members.

Bending moment-curvature relation in the middle
span of 70/130-2d14 beams are presented in Fig. 18.
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Fig. 18 Numerical versus experimental bending moment-
curvature relation of composite 70/130-2d14 beams

5. Conclusions

1. Under carried out experiment conditions, effi-
ciency of newly cast flexural concrete-UHPFRC/RC com-
posite members in comparison to reinforced concrete beams
can be described as enhanced flexural capacity, increased
stiffness, reduced crack widths and spacing, and reduced re-
inforcement tensile stress.

2. Similar results between beams with different
UHPFRC layers (50 and 70 mm) can be explained by some
variety of tensile behaviour of UHPFRC that was fixed in
flexural tensile strength tests. However, it was not observed
any debonding at interface zone between concrete and
UHPFRC.

3. In most cases of FE calculations, the values of

deflection, curvature and tensile stress of reinforcement im-
mediately after the crack opening was obtained lower at the
same level of loads in comparison to experimental results.
However, at higher loads, variation of numerical and exper-
imental values was not uniform. Stiffer behaviour of numer-
ical results partly could be explained due to assumed perfect
bond between different materials in FE model. As well as,
using post-failure tensile stress-displacement or tensile
stress-fracture energy relations, it is not possible to evaluate
strain-hardening effect of tensile UHPFRC, and the material
model has to be simplified. Analysis of variety of tensile
strength showed significant influence on the results of com-
posite beams.
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T. Zingaila, M. Augonis, M.R.T. Arruda, E. Serelis,
S. Kelpsa

EXPERIMENTAL AND NUMERICAL ANALYSIS OF
FLEXURAL CONCRETE-UHPFRC/RC COMPOSITE
MEMBERS

Summary

This paper presents experimental and numerical
analysis of newly cast flexural concrete-UHPFRC/RC
beams. In total, 4 intermediate-scale composite beams were
cast and tested using 4-point bending test setup. Midspan
deflection, curvature and reinforcement strains were meas-
ured during experimental program. Clear efficiency of com-
posite beams was observed in comparison to RC beams: en-
hanced flexural capacity, increased stiffness, reduced crack
widths and spacing, and reduced reinforcement tensile
stress. All experimental results were compared with numer-
ical calculations. Analysis of variety of tensile strength of
UHPFRC showed significant influence on the results of
composite beams. As well as, using post-failure tensile
stress-displacement or tensile stress-fracture energy rela-
tions, it is not possible to evaluate strain-hardening effect of
tensile UHPFRC, and the material model has to be simpli-
fied. However, experimental and numerical results were in
sufficiently good agreement.
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