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Abstract. The building of structures from steel fibre reinforced concrete (SFRC) in the external and conventional rein-
forced concrete (RC) in the internal layer represents an economical alternative of structures effectively using SFRC. The
paper presents test results of flexural behaviour of layered beams with SFRC external layers and RC internal layer. The
behaviour of these beams is compared to test results of SFRC and conventional RC beams. The test results show, that the
flexural load capacity for all series of beams is nearly similar, but the deflections of layered beams are less comparing
to monolithic ones. It also been shown that the equations indicated in the Eurocode 2 can be used to design the flexural

reinforcement in layered SFRC beams.
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Introduction

The wide use of steel fibre to the concrete matrix sub-
stantially change the properties of the base materials, in-
creasing its ductility and flexural strength and improving
crack control (ACI Committee 544 1996, Banthia, Sap-
pakittipakom 2007; Wang et al. 2008; Altun et al. 2007).
In many cases, the fibres are used in structural applica-
tions along with traditional reinforcement, partially or to-
tally replacing them. The steel fibre reinforced concrete
(SFRC) fails when the fibres reach ultimate strength or
when they lose anchoring properties in the concrete ma-
trix and fail from slip deformations. This failure mode
represents the typical and desirable rupture in SFRC (Sin-
gh et al. 2004).

The compression strength of a concrete is only
slightly affected by the volume of fibres (Kaltakci et al.
2007; Yazici et al. 2007; Rizzuti, Bencardino 2014;
Marciukaitis ef al. 2011). Some researchers have reported
increases in strength varying from 0% to 15% for a 1.5%
fibre volume (Johnston 1984; Williamson 1974). In other
cases, small decreases in compression strength have been
detected (Turmo et al. 2008; Altun, Haktanir 2004). In all
cases, the strength can be significantly increased, when
the steel fibres have formed (hooked) ends (Turmo et al.

2008). Some researches noted increases in compression
strength, the modulus of elasticity and the Poisson coeffi-
cient not greater than 10% in concretes with compression
strength characteristics from 35 MPa to 85 MPa and steel
fibre content with formed ends of the 1.5% total volume.
The greater compression strength of SFRC could be very
useful in preventing structures from sudden failure due to
static loads or dynamic loads (Wang et al. 2011). This im-
provement is caused by chaotic distribution of steel fibres
in concrete matrix restricting deformation of the concrete
and significantly improving the ductility (Kaltakci et al.
2007; Blaszczynki, Przybylska-Falek 2015).

The tensile strength of SFRC is generally the same
as that of non-reinforced concrete — 2 to 4 MPa. Never-
theless, its strength could be one or two orders greater.
This is firstly due to the amount of energy absorbed by
the friction and bending of the fibres where there is a
tendency to pull out on both sides of the crack, and sec-
ondly the deformation in the fibres that restrict the cracks
together (Shah ef al. 1978; Visalvanich, Naaman 1983;
Gopalaratnam, Shah 1987).

The influence of steel fibres in flexural behaviour is
much greater comparing to compression due to the duc-
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tile behaviour of SFRC in the area of the stress rupture,
with the development of residual strength after the crack-
ing of the concrete (Marar ef al. 2001; Nelson et al. 2002;
Paine et al. 2002). Depending on the volume and type
of steel fibre added, the post-cracking behaviour of the
concrete can result in strength levels that exceed those of
the cracking, with great ductility (Johnston 1980; Taheri
et al. 2012; Vandewalle 2000; Abas et al. 2013; Lin et al.
2014a, 2014b). A volume of steel fibres of less than 0.5%
can have a negative effect on the static strength. As a
consequence of the high post-cracking residual strength
of SFRC, the use of this material offers huge advantag-
es in applications such as elevated steel fibre reinforced
concrete slabs (E-SFRC) (Salehian, Barros 2015; Sasani,
Sagiroglu 2008).

The test results of other authors show (Williamson
1978), that SFRC can increase shear capacity of beams. In
conventionally reinforced beams (305x546x7010 mm),
with 1.66% straight steel fibre volume, shear capacity
can be increased by 45%. When the steel fibres with de-
formed ends were used (1.1% volume), shear capacity
increased between 45% and 67% and beams failed on
bending. It's even show that, in some cases, SFRC can
replace shear reinforcement. The test results also demon-
strate that in SFRC beams there is a significant increase
in ductility in terms of shear capacity (Turmo et al. 2008;
Ding et al. 2011; Yazdanbakhsh ef al. 2015; Amin, Foster
2016).

The characteristics of the steel fibre give it extraor-
dinary ductility after cracking in the concrete matrix. The
ductility depends on the type, anchoring properties and
volume of fibre used (Johnston 1974; Anderson 1978;
Johnston 1982). The significant effect can be reached; the
fibres have a crimped, waved, deformed surfaces shapes
or hooked ends. These fibres are more effective than their
straight, uniform equivalents with the same length and
diameter (Brandshaug ef al. 1978; Johnston 1984).

The test results of other authors (Hannant 1984)
shows that steel fibres have a minor effect on the shrink-
age of SFRC. Nevertheless, when shrinkage is restrict-
ed, the tests show that, cylindrical test tubes of concrete
placed around a steel ring, significantly reduced a crack-
ing. At the same time, it should be noted that creep tests
carried out during compression testing over a 12-month
period reveal that the steel fibre does not reduce SFRC
creep deformation.

As can be seen above, the use of SFRC in structures
offers undoubted advantages with respect to conventional
concrete (RC). Unfortunately, the SFRC is more expen-
sive. One possibility of an economical solution is the con-
struction of layered beams and slabs, where the top and
bottom layers produces from SFRC, and middle (internal)
layer — from conventional RC. The top and bottom (exter-
nal) layers have to resist greater tension and compression
stresses and to decrease cracking. That is why these are
the areas, where SFRC is most needed. The middle (in-
ternal) layer is not so significant in such structures than
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the top and bottom layers. Here, the advantages of using
SFRC are less important.

The use of this strategy has been successfully sub-
stantiated experimentally in multi-layer beams and slabs
manufactured from RC and light concrete (LC) (Juknev-
icius et al. 2006; Mouritz, Thompson 1999; Marciukaitis,
Juknevicius 2002). In this case, RC is used on the exter-
nal layers and LC in the middle (internal). This offers the
advantage of greater thermal insulation through the use
of LC, compatible with the normal strength of RC on
the outside layers. However, information regarding the
behaviour of multi-layer beams made from SFRC is very
pure. Satisfactory results have been obtained from ex-
periments on dual-layer SFRC and RC beams and slabs,
although apparently, there has been no research into the
behaviour of three-layer structures.

The main aim of this research is to analyse the flex-
ural behaviour of multi-layer beams, which use SFRC on
the external layers and conventional RC — in the internal
one. This paper presents test program of two types of
layered beams, subjected for flexure. The test results of
layered beams are compared with the test results of con-
ventional monolithic RC and SFRC beams.

1. Testing programme

8 beams of 3000 mm length, 150 mm width and 300 mm
height were produced in testing program. The composi-
tion of SFRC and RC is presented in Table 1. The Port-
land cement of 42.5 class with 2.1 kg/m3 of plasticiser
were used producing the concrete.

Table 1. Consistence of concrete used

Cement  Gravel Sand W/C  Steel fibers

(kg/m?)  (kg/m3) (kgm’) (kg/m3)  (kg/m?)
RC 350 980 920 0.5 -
SFRC 350 980 920 0.5 30

The steel fibres, used in testing programme is manu-
factured by Bekaert® under the commercial name Dra-
mix® 55/30 B G, with a length of 30 mm and a diameter
of 0.55 mm, a length diameter ratio was equal to 55.

In order to analyse the behaviour of layered beams
and to compare the test results with conventional ele-
ments, the three types of elements were produced: two
monolithic RC beams (beams 1 and 2, referred to as RC);
two types of layered beams with different height of exter-
nal layers — beams with 50 mm and with 100 mm exter-
nal SFRC layers (beams 3 and 4, referred to as MC1 and
beams 5 and 6, referred to as MC2, respectively). The last
series consist of two monolithic SFRC beams (position 7
and 8, referred as SFRC).

The concreting process was as follows: the mono-
lithic beams of series RC and SFRC were only concreted
in one time.

In the case of the layered beams, the bottom external
layers of SFRC were firstly concreted. Three days later,
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the internal RC layers were concreted and after a further
three days, the beams were finished with the top SFRC
layer. The different tiers of layered beams were concret-
ing with technological breaks. The aim of such concreting
technology was to evaluate the influence of bond connec-
tion between layers on behaviour and failure character
imitating real concreting conditions.

There were not connectors placed between the lay-
ers. It was assumed, that the chemical and mechanical
bond between will be improved.

All beams were reinforced in the same way. Longi-
tudinal reinforcement consists of two @14 mm-diameter
Bst500B (S500) steel bars. The shear reinforcement (206,
S500) was designed to ensure that beam failure was due
to bending earlier than shear. The cross-section and rein-
forcement of the tested beams is presented in Figure 1.

In order to determine the mechanical characteris-
tics of the steel used in the experiment, three specimens
(bars) were tested. Average 563 MPa yield strength and
200 GPa modulus of elasticity was determined during the
tests.

In order to determine the mechanical characteris-
tics of the concrete, three etalon cylinders (dimensions
300 mm by 150 mm) were tested. The average compres-
sion strength was 33.29 MPa for the RC and 35.26 MPa
for the SFRC.

2. Results and analysis

The beams were tested to failure applying typical four
points bending test scheme. The span between supports
was 2500 mm, shear span — one third the span. A univer-
sal compression machine W+B LFV 5000 was used with
the controlled loading speed (0.02 mm/s). An “Almemo”
displacement transducer was used during testing. The
production and testing of all beams was carried out at
the Laboratory of the Department of Reinforced Concrete
and Masonry Structures at Vilnius Gediminas Technical
University.

The Figure 2 presents load-deflection curves of the
eight tested beams. It can be seen that all beams have a
very similar character of behaviour. It should be noted
that there is no horizontal slip between the layers regis-
tered. The behaviour of all beams in elastic stage before

MC?2

Fig. 1. Cross-section and reinforcement of the tested beams
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cracking is also very similar. The cracking force in all
cases was observed below 23 kN. Next, stiffness after
elastic stage drops off sharply due to the cracking in the
concrete in the part of the beam in pure bending zone;
however the diagram shows highly linear behaviour un-
til the point of steel yielding when the load varies from
100 kN to 120 kN. After yielding of the steel, the beam
continues to deform with smaller load increase. Finally,
failure occurs due to the plastic hinge of concrete com-
pression zone. The differences between the loads corre-
sponding the yielding and strength limits of all beams are
very small. However, there are important differences of
behaviour and failure character of all types of the beams
(Fig. 3).

Table 2 shows for the cracking of the concrete, the
yielding point of the steel, and for the carrying capac-
ity and descending branch loads points. The values cor-
responding to the cracking, yielding, carrying capacity
and descending branch moments (m), the deflections of
the beams (d), the stiffness (k) of the cracking stage sec-
tion (the stiffness of the yielding stage section has been
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Fig. 2. Load-deflection curves of the eight tested beams
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7 SFRC

3MC1

4 MC1

Fig. 3. Failure point of the tested beams

3 MC1

4 MC1

Fig. 4. Cracking layout on the beams tested

evaluated as an average value, considering that the sec-
tion showed a linear behaviour pattern between yielding
and cracking points) and the areas (a) between each sec-
tion, or energy absorbed, representing an average of the
beam ductility.

The analysis of Figure 3 and Table 2 shows that the
behaviour is very ductile, especially between cracking
and yielding stages. It caused by low reinforcement vol-
ume of longitudinal reinforcement (p; = 0.06) and influ-
ence of steel fibres on stiffness of external layers. The

Table 2. Results obtained from flexural testing
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layout and width of cracks are also different. The charac-
ter of layout of cracks in layered beams was influenced
by stiffness of bond between layers. Due to the horizon-
tal cracks (Fig. 4) between bottom and internal layer in
tested beams, the shear strains between layers occurred.
It shows that layers slipped between each other. This slip
deformation is a cause character of cracks. Besides, the
external layer was reinforced by longitudinal reinforce-
ment, and internal not. The difference of reinforcement
volume and slip (shear) deformation between layers
caused the crack’s layout in internal layer is less.

Cracking Yielding Carrying capacity Descending branch
m, d, a, k, m, d, a, k, m, d, a, m, d, a,
kKNm | mm [KNmm|kN/mm| kNm mm |[kKNmm|kN/mm| kNm mm | kNmm | kNm mm | kKNmm
1 8.8 0.9 11 23 40.8 109 | 619 7.7 45 36.3 | 2635 | 433 47.8 1218
RC |2 8.4 0.6 7 31.9 41.8 10 613 8.6 44.1 32.7 | 2314 | 423 68.7 | 3725
X| 8.6 0.7 9 27.5 41.4 10.5 616 8.1 44.5 345 | 2474 | 428 58.3 | 2471
3 9.8 1 13 24.1 42.1 12.1 695 7 44.7 27.1 1567 | 433 353 863
MC1|4]| 97 1 13 23.4 42.8 13.6 | 815 6.3 45.3 27.3 1453 | 443 31.1 400
X| 9.8 1 13 23.7 42.4 12.8 | 755 6.6 45 27.2 | 1510 | 43.8 33.2 631
5 9.4 0.8 8 27.9 43.7 11.8 746 7.5 46.2 27.4 1677 | 45.4 30.1 297
MC2| 6| 10.1 1.1 18 25.5 44.8 14.1 942 6.2 45.9 19.1 544 434 38.9 | 2119
X| 9.8 0.9 13 26.7 443 129 | 844 6.8 46.1 23.3 1110 | 444 345 1208
7 9.5 1 13 22.7 45.6 11.8 750 8.3 48.6 23.8 1356 | 45.8 54.4 | 3396
SFRC| 8 | 12.4 1.1 14 22.4 46.8 11.3 764 8.6 49.5 323 | 2393 | 47.1 61.5 | 3241
X 11 1.1 13 22.5 46.2 11.6 | 757 8.4 49.1 28 1874 | 46.4 57.9 | 3318
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Fig. 5. Comparison of moments and deflections of all beam
types tested

In the case of the RC beams, the normal cracks also
appeared along its length in pure bending zone, while on
SFRC beams, cracks were located more in the centre of
the beam, with a length of approximately one and a half
times the cross-section depth. It shows that the steel fibres
restricts appear of new cracks.

Figure 5 presents the average values of moment and
deflection of all beam types in cracking, yielding, carry-
ing capacity and descending branch points.

Analysis of Figure 5 shows, that in all analysed stag-
es (cracking, yielding, carrying capacity and descending
branch), the values of the moments obtained increase
nearly in line with increase of beam’s steel fibre volume.
These differences are greater when the cracking and
yielding moments are analysed and are less at the car-
rying capacity as well as at descending branch moments.
These results are consistent with those obtained by other
researchers looking at beams featuring two SFRC and RC
layers in that the yielding moments of the layered beams
are less comparing to monolithic SFRC beams. However,
analysing deflections in all mentioned stages no clear pat-
tern of behaviour can be seen.

Analysing the deflections on the descending branch,
the deflections of layered beams are approximately 43%
less comparing to monolithic beams. Besides deflections
of RC and SFRC beams are nearly similar.

Figure 6 presents the average stiffness for each beam
types before and after cracking. The analysis of Figure 6

K1: Stiffness before cracking
K2: Stiffness after cracking

kN/mm
N
[4)]

MC2  SFRC RC MCl MC2  SFRC
K1 K2

RC MCl

Fig. 6. Average stiffness before and after cracking of beams
tested
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Fig. 7. Cracking layout of middle RC layers of layered beams
tested

shows, that after cracking the stiffness of all types of the
beams decrease more than two times. Furthermore, the
stiffness of the cracked layered beams is 20-25% less
comparing to monolithic beams. This difference can be
caused due to the fact that cracking in the middle (inter-
nal) RC layer begins before it does in the bottom (exter-
nal) SFRC layer. It results, the different cracks widths in
different layers, which layout is also different.

This layout character of cracks was mainly caused
by shear stiffness between bottom external and internal
layers. Due to the reason, that the horizontal crack be-
tween layers appears and shear strains occurs, the charac-
ters of crack layout was changed. Due to the shear strains,
the distribution of normal cracks in external (bottom)
and internal layers was different. It caused the different
distance between cracks in external and internal layers.
Therefore, the lay of normal cracks was not a same in
different layers (Fig. 7).

Figure 8 presents the relation of average values of
energy absorbed in each of the analysed points and bend-
ing moment.

The analysis of Figure 8 shows, that energy ab-
sorbed in cracking and yielding stages are nearly simi-
lar for all types of beams tested. However, the results of
energy absorbed after the moment of yielding, compar-
ing the monolithic and layered beams are very different.
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Fig. 8. The relation of energy absorbed and bending moment
of beams tested
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The energy absorbed of monolithic beams is significantly
greater than layered beams. In the case of between the
carrying capacity and descending branch moments, the
energy absorbed by the monolithic beams is more than
twice greater that absorbed by the layered beams. This
pre-supposes that the capacity to absorb energy in mono-
lithic beams is much higher than in layered beams.

Table 3. Ductility values of beams tested

Name of series  au/apl dw/dpl  (aw/apl)* (du/dpl)*
RC 9 5.6 1 1
MCl1 3.8 2.6 0.4 0.5
MC2 3.8 2.7 0.4 0.5
SFRC 7.9 5 0.9 0.9

Note: *— standardised results

The Table 3 presents evaluation of the ductility of
the beams in two different ways — firstly as the ratio be-
tween absorbed energy in descending branch stage and in
the point of yielding stage of the beam (au/apl). Secondly
— the ratio between deflection in descending branch stage
and deflection in the point of yielding stage (du/dpl). The
results have also been standardised, taking the values of
RC beams as the point of reference.

The analysis of Table 3 also shows that the results
obtained in terms of energy or deflection are very simi-
lar due to similarity between the values for the moments
evaluated on all beam types during the tests. Further-
more, regardless of the method of evaluating ductility,
RC beams are the most ductile. SFRC beams reach prac-
tically the same ductility values as RC beams, while lay-
ered beams are almost half this level, due to the lower
deflection of such beams.

Table 4 presents the values of the experimental
yielding moment (Mpe) and theoretical (according to Eu-
rocode 2 (CEN 2010) yielding moment (Mpt) calculated
from the tested beams.

Table 4. Comparison of experimental and theoretical yielding
moment of beams tested (average values).

Mpe (kNm) Mpt (kNm) y* (mm)
RC 41.3 423 35
MC1 42.4 42.7 33
MC2 443 42.7 33
SFRC 46.2 42.7 33

Note: *compression zone y calculated according to “EC2”

The analysis of Table 4 shows, that in all cases,
where the beams contain SFRC, the theoretical yielding
moment and compression zone is the same. The theoreti-
cal and test results correspond well. It shows that equa-
tions of EC2 for reinforced concrete elements subjected
for bending after more deep analysis could be used as
well for layered SFRC elements. Besides analysis of
beams tested shows that higher than 50 mm compression
layers are not effective for lightly reinforced beams.

Conclusions

The tests of 8 conventional RC, SFRC and layered beams
with different external SFRC layers shows, that load-de-
flection relationship is very similar. It represents the typi-
cal behaviour of lightly reinforced elements, subjected
for bending.

The difference, obtained in tests in cracking, yield-
ing, carrying capacity and descending branch stages is
very small, in terms of moment values between the 4
different types of beams. The moment values in the four
different stages for SFRC beams are higher comparing
to the average of layered beams moment values (12% in
cracking, 7% in yielding, 8% in carrying capacity and 5%
in descending branch), which are slightly above those for
monolithic RC beams (13% in cracking, 5% in yielding,
2% in carrying capacity and 3% in descending branch).

The tests of the monolithic beams showed less
cracking character than the layered beams. On the RC
beams, the cracks were extended the whole length while
on the SFRC beams cracking was concentrated mainly in
one point, usually near the first crack.

The difference deflection of monolithic and layered
beams is significant. Monolithic beams showed greater
final deflection, approximately 43% more, comparing to
layered beams. The deflection of monolithic RC beams
was greater comparing to monolithic SFRC beams in a
0.7%.

The stiffness of the layered beams is 20-25% less
than that of the monolithic beams due to the cracking in
the middle RC layer. It should be taken to account when
calculating deflection.

The energy absorbed in the testing by the four types
of beams was very similar in the cracking and yielding
stages. In the stages of carrying capacity and descend-
ing branch, the monolithic beams absorbed significantly
greater amount of energy comparing to layered beams.
While in descending branch stage MC2, RC and SFRC
absorb 91%, 292% and 426% more than MC1 respective-
ly, in carrying capacity stage MC1, RC and SFRC absorb
36%, 123% and 69% more than MC2, respectively.

Ductility of energy or displacement offers the same
results. Approximately the same ductility was released by
the monolithic beams, twice from layered beams.

The EC2 equations for calculation of compression
zone for SFRC layered beams, subjected for bending
shows good agreement with test results. After more deep
analysis, it could be suggested for calculation of such el-
ements. It should be noted, that there was not horizontal
slip between the layers.
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