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Abstract

This study was undertaken to investigate the bond strength behaviour of high strength lightweight concrete containing steel
fibres in different geometries throughout a comprehensive experimental programme. Four lightweight concrete mixes were
prepared and tested for the preliminary mechanical properties and pullout feature. In addition to the reference mix, the other
three mixes incorporated micro, hook end and hybrid steel fibres at 1.5% by volume of the concrete mix. To evaluate the
bond strength aspect, block specimens were reinforced with deformed steel bars of two diameters (12 or 25 mm). A com-
parison has been made with some relevant empirical formulas and codes of practice. The results obtained revealed superior
performance for the fibrous lightweight concrete mixes in terms of the mechanical properties. The highest improvement in
the compressive, tensile and pullout strengths reached 28, 163 and 225%, respectively. For the preliminary mechanical tests
(i.e., compressive, tensile strengths), hybrid lightweight concrete mix showed the highest values, while hook end lightweight
concrete mix seem to be the optimal for the case of pullout feature. Regardless of the geometry, the steel fibres increase the
interior bond and prevent the propagation of cracks throughout tailoring mechanism. Most of the suggested formulas to
predict the tensile and bond strengths need for amendments to be used for the case of high strength lightweight concrete.
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ago when its structural applications appeared for the first
time in countries such as US, UK, Sweden, and Italy [1].
In recent years, such applications showed a sharp increase
in a global basis. For example, in the UK, the production of
lightweight concrete in the field of block application reached
20,625 thousand square meters in 2019 [2—4]. The reason

@ Springer


http://orcid.org/0000-0002-8281-8898
http://crossmark.crossref.org/dialog/?doi=10.1007/s41062-023-01153-2&domain=pdf

184 Page2of13

Innovative Infrastructure Solutions (2023) 8:184

for this is related to the potency of lightweight concrete in
the criteria of weight, resistance to weathering and sustain-
ability. Accordingly, many pros can be achieved with the use
of lightweight concrete such as reduce the total load of the
entire structure, saving the overall cost of the construction,
increase the speed of work and lowering the handling cost,
lowering the thermal conductivity, greater fire resistance,
higher sound absorption and ability to consume recycled
materials. With the enhancing of the ultimate strength, light-
weight aggregate concrete has exceptional appeal for use
in a wide range of offshore and maritime building projects,
bridges with lengthy spans, and rising structures [5—8].

Basically, structural lightweight concrete is defined as a
concrete made of either lightweight aggregate or expanding
agent [9-11] with a dry density does not exceed 1840 kg/
m? and 28-day compressive strength greater than 17 MPa.
Increasing strength without increasing density, or decreasing
density without decreasing strength, in combination with
adequate durability, can lead to cost-effective engineer-
ing solutions [12]. Both natural and artificial lightweight
aggregates (LWAS) can be used in production of structural
lightweight aggregates. However, because artificial LWAs
are formed by certain processes, their physical and micro-
structural features may be precisely controlled. Among the
available artificial LWAs, expanded clay is considered the
common type which can be used in a wide range of struc-
tural applications.

Fibres as an additional element inside the concrete mix
are considered for improving various engineering qualities
of concrete [13]. Fibre-reinforced systems have improved
flexural capacity, durability, post-failure ductility, and crack-
ing control [14, 15]. As the brittleness behaviour of LWAC
diminishes the intended role of LWAC, which is the duc-
tile performance under various stresses, this drawback can
be solved by using the number and proper type of fibres
[16]. The former effect of reinforcing fibre on the compres-
sive, tensile, and flexural strengths and plasticity of normal
weight concrete has been demonstrated in several previous
experimental studies [17]. In terms of structural quality, a
high proportion of the technical qualities of concrete, such as
ductility, impact resistance, and hardness, are considerably
improved by the inclusion steel fibres.

In addition, inclusion steel fibres in concrete brings a
dramatic enhancement in compressive ductility, toughness,
and energy absorption at early ages [17]. Using the palm
oil clinker (POC)-based as a lightweight aggregate, Hosen
et al. [18] has found that the compression ductility, displace-
ment ductility and energy ductility indexes increased by up
to 472, 140 and 568% compared to the control specimens
(concrete with 0% steel fibers), respectively. Similar results
were also noted by Ye et al. [19]. Besides, longer service life
has been noted for the fibre-reinforced concrete than conven-
tional concrete due to the function of fibres in inhibiting the
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growth of cracks inside the concrete [13]. For the case of
structural lightweight concrete, Li et al. [20] stated that the
use of hook end steel fibre as well as cementitious materi-
als increases the tensile strength of fibre reinforced LWAC.
However, this inclusion reduced the workability of plain
LWC and increased its density [13].

In the design of reinforced concrete structures, the char-
acteristics of bond between the inner concrete surfaces and
reinforcing bars is a critical consideration as they assumed
to be integrated into one element. Previous studies [21, 22]
have demonstrated that the pressure parallel to the direction
of steel bars induces the crucial tension between concrete
and rebar reinforced. To assess the former behaviour, pull-
out test method is usually experimentally adopted. Several
experimental measurements [10, 11, 23] illustrated that the
bond-slip aspect is significantly affected by the variation in
the concrete composition. Consequently, the calculations of
lap and anchorage lengths which are the design criteria for
the reinforced concrete members are changeable. Hence,
employing the suggested equations indicated in the practi-
cal codes becomes unreliable.

Due to the substantial differences between the ingredients
of LWAC and NWC, currently, there is no clear understand-
ing for the bond-slip behaviour of structural LWAC [24].
Despite a lot of research works the issue of bond-slip of the
reinforced concrete members have been recently published,
however, to the best of the author knowledge, no investiga-
tion has been conducted on the pullout behaviour of high
strength lightweight concrete (LWC) containing steel fibres
in different geometries. In this study, hook end, micro and
hybrid steel fibres were used to evaluate the bond strength of
high strength LWC in terms of bond-slip feature using block
samples. A comparison was also made with some formulas
suggested by relevant studies and codes of practice.

Experimental programme

The methodology of the experimental programme adopted
in this study consists of two steps: the first step is related to
produce structural lightweight concrete with a strength level
more than 35 MPa at age of 28-day, while the second step is
designed to evaluate the preliminary mechanical properties
and bond strength aspect throughout pull-out tests for the
formulated lightweight concrete block samples containing
steel fibres with different geometries and inclusion ratios.

Materials

The materials used in this study were ordinary Portland
cement, natural sand, expanded clay, tap water, superplasti-
cizer and steel fibres. The next sections describe the proper-
ties of the former materials.
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Ordinary Portland cement

Ordinary Portland cement produced under the trademark of
Al-Kufa cement factory was used as a binder for all concrete
mixes. This type of cement comply with the Iraqi Standard
No. 5 of 2019 [25] under the category of cement 42.5. The
chemical composition and physical properties of this type
of cement are illustrated in Table 1.

Aggregate

Natural sand for general purposes was used as a fine aggre-
gate and it was consistence with the limitations of EN BS
882.1992 [26] and have a maximum particle size, fineness
modulus and sulfate content of 4.75 mm, 3.1 and 0.173%,
respectively. Figure 1 shows the grading of the sand used.
Lightweight expanded clay aggregate commercially named
LECA was used as a coarse aggregate with a maximum par-
ticle size of 8 mm, as shown in Fig. 2. It has specific gravity,
absorption, and bulk density of 1.2, 12% and 650 kg/m?,
respectively. Table 2 shows the grading of LECA coarse
aggregate which is consistent with the limitations of ASTM
C136-06 [27].

Superplasticizer
To achieve a suitable consistency (100 + 10 mm slump),

GLENIUM 54 was used as a high-range water reducer
and superplasticizer (SP) admixture based on modified
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Fig. 1 Grading of the natural sand used as fine aggregate

polycarboxylic ether. This admixture meets the limitations
of ASTM C-494, type G [28].

Steel rebars

For measuring the bond-slip aspect, two deformed rebars
with diameters of 12 and 25 mm were used and partially
embedded in the lightweight concrete mixes. They have
ultimate tensile and yield tensile strengths of 680.3 and
557.23 MPa, respectively, and they were consistent with the
requirements of ASTM A615 M-12, Grade 40 [29].

Table 1 The chemical composition and physical properties of the ordinary Portland cement

Chemical composition Weight (%) Limits of Iraqi speci-
fication No. 5-2019
[25]

CaO 63.73 -

Sio, 20.69 -

Al20; 5.65 -

Fe20, 3.38 -

MgO 3.66 <5

SO, 2.58 <25

L.O.1 1.28 <4

LR 0.54 <15

L.SF 0.90 0.66-1.02

C3S 42.26 -

C2S8 36.36 -

C3A 9.25 -

C4AF 12.13 -

Property Test result

Fineness 1.97% <5%

Initial setting time, min 90 >45

Final setting time, h: min 2:35 <10:00
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Two types of steel fibres were used, namely micro and hook
end, as shown in Fig. 3. Moreover, hybridization technique
was followed using combination between the former steel
fibres (i.e., 50% micro steel fibres and 50% hook end steel
fibres). The steel fibres were added as a ratio of the total
volume of the mix and their orientations were randomly dis-
tributed within the lightweight concrete mixes. Both micro
and hook end steel fibres have an aspect ratio of 60 and their
other engineering properties are shown in Table 3.

Selection and mix design of the lightweight
concrete mixes

The mix design calculations for the reference lightweight
concrete mix were carried out based on the procedure sug-
gested by [30] in addition to the previous studies [5, 6, 31,
32]. After multi trial mixes with the variation of the W/C
ratio to get the desired slump value (90 mm), the mix pro-
portions of the reference lightweight concrete mix (L-R)
Fig.2 Expanded clay LACA used as coarse aggregate are 425.6 kg/m> cement: 447.58 kg/m? sand: 259.72 kg/m*
LECA and W/C=0.38. Thereafter, steel fibres were added
to the selected lightweight concrete mix with a total ratio of

Table 2 Grading of the LECA coarse aggregate 1.5% by volume of the concrete mix. This implies produc-
Sieve size Cumulative passing % Limits of ing a further three lightweight concrete mixes. Some guide-
ASTM C136- lines have stated that the total maximum ratio of the added

06 [27] steel fibres should not exceed 2% by volume of concrete mix

Lin 100 100 [33, 34]. Besides, due to the limitation of the experimental
% in 100 90-100 work and focusing on the structural behaviour of full-scale
3/8in %0 80-100 beam elements which is the topic of the second phase of
No. 4 © s 40 this study, so us the current investigation was limited to only
No. § 13 0-20 eight combinations of steel fibres. To compromise the con-
No. 16 ; 0-10 sistency of the lightweight concrete mixes containing steel
No. 50 | ~ fibres, the superplasticizer (SP) admixture was used with a
No. 100 0 B dosage of 1% from the cement weight implying reduction to
the original W/C to be 0.35. Incorporating the steel rebars

into the developed lightweight concrete mixes gives eight

different samples, two of them are reference lightweight con-

Steel fibres crete mixes: one of those containing rebar of @12mm (i.e.,

Fig.3 Steel fibres; a micro steel
fibre, b hook end steel fibre
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Table 3 Properties of steel

i Type of steel fibre Length (mm)  Dimeter (mm) Aspectratio  Tensile Density (kg/m3)
fibres strength
(MPa)
Micro steel fibre 13.01 0.22 60 2850 7848
hook end steel fibre ~ 30.48 0.51 60 1300 7844

L-R-12) and the other for those containing rebar of #25 mm
(i.e., L-R-25), as shown in Table 4.

Preliminary mechanical tests

Prior performing the pullout test, the preliminary mechani-
cal properties of the reference and fibre reinforced light-
weight concrete mixes were measured. These involved meas-
uring density, compressive and splitting tensile strengths
at 7 and 28-day age according to the BS EN12390-7 [35],
BS EN 12390-3 [36] and BS EN 12390-6 [37], respec-
tively. Cube and cylinder specimens with dimensions of
150% 150 % 150 mm and 100 X 200 mm, respectively were
used in these tests. For each testing case, two specimens
were measured, and the average reading was considered.

Preparing the block samples

In order to cast lightweight concrete block samples used
for the pullout test, play-wood molds were formulated.
These molds were made in two different configurations
to suit the diameter of the reinforced steel bar based on
the Technical Recommendations for the Testing and Use
of Construction Materials, RILEM RC 6, Bond Test for
Reinforcement Steel. 2. Pull-Out Test [38] in addition to
previous research works [39, 40]. The dimensions of the
first molds group were 200X 120X 120 mm (I X w X h),
which is designed for conducting the pullout tests on light-
weight concrete blocks reinforced with steel bar of 12 mm.
The second molds group were made with dimensions of

Table 4 Details of the lightweight concrete mixes used in this study

375%250%250 mm (I X wX h) suite the pullout tests on
the lightweight concrete blocks reinforced with steel bar
of 25 mm. The embedded lengths of the reinforced steel
bars were 250 and 140 mm for the first and second mold
groups, respectively. Figure 4 shows the details of the
block samples with their wooden molds, while Fig. 5 pre-
sents these molds ready for casting.

Mixing, casting, and curing operations

In this study, the instructions described in the BS EN12390-2
[41] were followed for the mixing, casting, and curing opera-
tions for both specimens used in the preliminary mechanical
tests and concrete blocks. The steps of mixing operation can
be summarized as follows:

1. The LECA and sand were mixed in dry situation for
two minutes then with the half of the mixing water for
another 2 min.

2. The cement powder was added and the whole mixture
was mixed for additional 60 s.

3. The steel fibres were added, and mixing operation was
done until reaching a homogenous composition.

4. The superplasticizer was added to the remaining water
then to the mixture, and thoroughly blended for 7 min.

Figure 6 shows the block samples after completing the
casting process. All lightweight concrete blocks were cured
in tap water for a period of 28 days.

Mix category Micro steel Hook end steel ~ Diameter of the Cement Sand LECA Water SP (%) from

fibre (%) fibre (%) steel bar (mm) (kg/m?) (kg/m®) (kg/m®) (kg/m?) cement
weight

L-R-12 0 0 12 425.6 447.58 259.72 161.73 0

L-R-25 0 0 25

L-M-12 1.5 0 12 425.6 447.58 259.72 149.00 1

L-M-25 1.5 0 25

L-H-12 0 1.5 12

L-H-25 0 1.5 25

L-HY-12 0.75 0.75 12

L-HY-25 0.75 0.75 25

@ Springer
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Fig.4 Details of the wooden
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Fig.5 The wooden molds are ready for casting the lightweight con-
crete blocks

Setup of the test and the measured parameters

The target of this investigation is to evaluate the bond
strength of the developed lightweight concrete mixes via
pullout tests based on the Technical Recommendations for
the Testing and Use of Construction Materials, RILEM RC
6, Bond Test for Reinforcement Steel. 2. Pull-Out Test [38]

@ Springer

(b)

in addition to previous research works [39, 40]. For this,
universal tensile test machine with capacity of 50 Tons has
been used. Aa universal jacket was prepared and used at
each test for the purpose of holding the block samples within
the tensile machine, as shown in Fig. 7. This also allows
for applying pure tensile force on the steel bar while the
upper concrete surface kept holding under compression. The
adopted loading rate was 0.5 MPa/s. The applied load was
continued either for completely slip out the reinforced steel
bar or failure of the block sample. During performing the
test, bond-slip parameters were measured throughout record-
ing the tensile load and the corresponding slip displacement
using dial gauge. The failure modes were also observed for
each testing case. Two specimens were considered for each
testing case and the average value was taken.

Results and discussions

Preliminary mechanical properties

The results of the preliminary mechanical properties are
illustrated in Table 5. It is obvious that all the density
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Fig.6 The lightweight concrete
block samples after completing
the casting process

Fig. 7 Setup of the pullout test

values of the tested specimens are below the maximum
specified limit for the structural lightweight concrete (i.e.,
no more than 1800 kg/m3). However, addition of steel
fibres leads to an increase in the density of lightweight
concrete samples with a value reaching 130 kg/m>. This
is clearly known, as the specific gravity of the steel fibre
is higher than that of cement ingredient and the inclusion
of steel fibre was carried out based on the volume substi-
tution. Another matter to be considered is the lightweight
aggregates are porous, which means they contain small air
pockets or voids. These voids are usually filled with the
hydration products which lead to an increase in the density

value of the produced lightweight concrete sample over the
summation weights of mix ingredients [42, 43].

For the compressive strength, the reference lightweight
concrete recorded 37.30 MPa at 28-day age which falls
within the range of the high strength concrete. The per-
centage increase in the strength from the age of 7-28 days
was 25.5%. The corresponding percentage increases for
the L-M, L-H and L-HY mixes were 9.5, 15.2 and 21%,
respectively. This indicative for the effect of the steel fibre
on the inner structure of concrete in which inconsistency
interfacial transition zone can be obtained due to multi voids
released around the steel fibre. Nevertheless, the overall
strength level increased as the added fibres contributed to
supporting more applied loads with tendency to achieve
ductile material. Similar behaviour was also noted in previ-
ous studies [15]. Among the four tested lightweight concrete
mixes, mix L-HY revealed the highest compressive strength
of 47.8 MPa at 28-day age. Such an attitude explains the
advantage of the hybridization technique where both adhe-
sion and ductility characteristics can be obtained. The per-
centage increase in the compressive strength for former mix
at 28-day age compared to the reference one is 28%.

A similar tendency to that of compressive strength was
also noted for the splitting tensile feature where the L-HY
mix showed the highest value at 7.2 MPa. In contrast to what
was noted in the compressive strength, the growth of ten-
sile strength from 7 to 28-day age was higher for the con-
crete mixes containing steel fibres. The percentage increase
in the value of splitting tensile strength at 28-day age com-
pared to those at 7 days were 18.6, 24, 24.7 and 27.2% for the
L-R, L-M, L-H and L-HY mixes, respectively. This can be

Table 5 Results of the

i hanical No. Mix symbol Density (kg/m) Compressive strength ~ Splitting tensile Slump (mm)
preliminary mechanical tests (MPa) strength (MPa)
7 days 28 days 7 days 28 days
1 L-R 1647.0 29.70 37.30 2.30 2.73 90
2 L-M 1718.5 35.70 39.10 5.40 6.70 90
3 L-H 1748.0 36.50 42.08 5.53 6.90 90
4 L-HY 1777.7 39.50 47.80 5.66 7.20 90
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attributed to nature of the applied load and the role of the steel
fibres in eliminating the tensile carks which normally leads
to failure of concrete specimens. The failure modes shown in
Fig. 8 support the former explanation where the steel fibres
tailor the propagated cracks and converting the brittle atti-
tude of reference concrete to be more ductility. Among the
tested samples, the concrete mix containing hybrid steel fibres
(L-HY) displayed a better tailoring process where multiple
cracks with refined mechanism was achieved, hence whole
mechanical properties of this lightweight concrete mix were
improved, as indicated in Fig. 8d. On this basis, this approach
is considered feasible for further structural applications.

It is worth mentioning that the BS EN 1992-1-1 [44] sug-
gested the following expression to be used to foretell the tensile
strength of lightweight concrete according to its density and
the characteristics of normal weight concrete.

ﬁczm =fctm"71 (1)
fom = 03f5 @
n, = 0.4+ 0.6p/2200 3)

However, for simplification, the above equations linked
the predicted tensile strength to the compressive strength of
normal weight concrete without mentioning its strength level.

In this study, based on the results presented in Table 5,
Egs. (4) and (5) were derived to compute the splitting tensile
strengths of reference and fibre reinforced lightweight con-
crete mixtures at any testing age directly from their compres-
sive strength values, respectively. It is clearly shown that the
constant of these equations was approximately double for the
concrete mixes containing steel fibres due to the role of such
kind of fibres in enhancing the tensile strength.

ﬁclm =0.07 5f}ck (4)

Jiem = (0.14 = 0.15)fy &)

Fig. 8 Failure modes of the
tested specimens; a L-R mix; b
L-M mix; ¢ L-H mix; d L-HY
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Bond-slip behaviour

Figures 9 and 10 show the test results of the pullout fea-
ture in terms of bond-slip for lightweight concrete blocks
investigated in this study. For the block samples reinforced
with steel bar of 12 mm diameter, the lowest force needed
to pullout the embedded bar was recorded for the reference
lightweight concrete mix at 26.8 kN, as shown in Fig. 9.
When the steel fibres were added to lightweight concrete
mix, superior performance was noted as the maximum pull-
out force reached 87 kN. This behaviour is associated with
a notable increase in the amount of slipping out before the
failure occurred reaching 66% compared to that of reference
mix. The reason for this is related to the obstructions which
appear when the steel fibres are added, meaning further
adhesion is obtained for the inner composition of concrete.
At the same slip value, lower pullout force was observed for
the case of reference lightweight concrete compared to those
of steel fibre samples. Moreover, the bond-slip curve con-
verted from steep to flat nature at one-third of the ultimate
load for the reference sample. The former transfer was noted
at 80% of the ultimate load for the steel fibres reinforced
samples.

100 -

Load - kN

0 5 10 15 20 25
Slip -mm

Fig.9 Load-slip relationship for the lightweight concrete mixes rein-
forced with 12 mm steel bar
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Fig. 10 Load-slip relationship for the lightweight concrete mixes
reinforced with 25 mm steel bar

In terms of the core role of the different fibre geome-
try, contrast attitude to what was noted in the compressive
strength aspect test in the preliminary mechanical proper-
ties, where the highest bond value was recorded for both
hook end and micro steel fibres not for the hybrid fibre. This
behaviour may be due to the interfere with the rib of steel
bar in the generated obstructions, so the most homogenous
fibre system could growth the highest pullout resistance.
However, the overall improvement in the bond character-
istic was 3.25 times when the steel fibres are added to the
reference lightweight concrete mix, while it was 1.27 times
in the compressive strength aspect.

Except for the order of the highest improvement in the
bond behaviour due to the use of steel fibre, a similar ten-
dency was also noted for block samples reinforced with
steel bars of 25 mm, as shown in Fig. 10. However, the
magnitude of the pullout load was higher. This is well
understood as the geometry of the deformed steel bar of
@?25mm is different from that of @12mm, in addition to the
differences in the embedded length of steel bar and the size
of the concrete block. If these parameters are taken into

consideration, reliable results can be obtained, as shown in
Table 6, in which the results have been presented in terms
of the bond strength rather than pullout force. It was noted
that the highest percentage increase in the ultimate bond
strength is recorded for L-H-12 samples at 225.6%, on the
other hand, highest percentage increase in the slip value
was recorded for the L-HY-25 samples at 107.5%. Such
results are promotion for the superior role of steel fibres.

The failure modes of the block samples are shown in
Fig. 11a—f. Splitting failure mode was observed for the
reference lightweight concrete samples as the crack pat-
terns were along the embedded part of the steel bar. Inclu-
sion of the hybrid steel fibre enhanced the bond strength,
hence slipping failure modes are taken place, as shown in
Fig. 11d and g. As mentioned before, this behaviour comes
from the tailoring role of hybrid steel fibres. More bond
resistance was obtained for the cases of micro and hook
end steel fibres which leads to cutting off the reinforced
steel bars without any disintegration mark in the concrete
block samples, as shown in Fig. 11a, c, e, and f.

For deducing the contribution of an individual steel
fibre in the maximum residual stress, Eq. 6 has been sug-
gested by Al-Naimi and Abass [45].

Pmax
i ©)

c

O = OpVitly =

where 7, is a factor related to the randomness of the fibre
within the concrete taken as 0.5 or determined using Lee
et al. chart [46] with an assumption of no size effect.

As the above expression needs more effort to identify
its parameters, direct calculation from the test results con-
sidered an alternative can be used to account the residual
stress as per in Eq. 7 [45].

_ 4TbLE
Ofic = df @)

For the case of hook end fibre, the embedment length
should be increased by the length of hook end length.

Table 6 Bond-slip values of

; 8 ! No. Mix symbol Ultimate bond Ultimate slip % Increase in the bond % Increase in

Fhe li gbtwel ght cqncrete mixes strength (MPa) (mm) strength value the slip value
including comparisons with the
reference mix 1 L-R-12 5.08 12.92 0.00 0.00

2 L-M-12 16.22 18.63 219.32 44.26

3 L-H-12 16.54 17.52 225.60 35.65

4 L-HY-12 14.60 21.49 187.39 66.30

5 L-R-25 5.94 17.35 0.00 0.00

6 L-M-25 17.20 18.20 189.42 4.90

7 L-H-25 15.18 23.00 155.55 32.56

8 L-HY-25 14.08 36.00 136.89 107.5
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(g)

Fig. 11 Failure modes of the lightweight concrete mixes; a L-R; b
L-M-12; ¢ L-H-12; d L-HY-12; e L-M-25; f L-H-25; g L-HY-25
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For the net residual tensile stress of the plain lightweight
concrete with a strength level of 30—40 MPa, Eq. 8 has been
proposed in the study of Al-Naimi and Abass [45]:

O = 0065ﬁcm (8)

For the comparison and validation purposes based on
the results obtained in this study, it is obvious that Eq. 4 is
more appropriate to match the measured data than what is
indicated in Eq. 8. Besides, the contribution of individual
steel fibre in the bond strength can be calculated using Eq. 7
where the input data are the enhancement value of steel fibre
in the tensile strength (MPa) (from Table 5) as well as the
properties of the steel fibres (i.e., the length and diameter).
Assuming Ly = 5d; to ensure maximum pullout strength, the
theoretical influence of selected numbers of steel fibres (17,
34, 51 and 68) on the bond strength are shown in Table 7.
The former selected numbers were chosen as approximately
an equivalent to 0.5, 1, 1.5 and 2% steel volume, respec-
tively. Taken in consideration subtracting the net effect of
plain lightweight concrete in the bond strength, it can be
seen reliable result is only obtained for the contribution of
micro steel fibre to the bond strength compared with the
measured values presented in Table 6. Increasing the num-
bers of hook end and hybrid steel fibres should exhibit more
bond strength than those of micro as their geometries are
twice as large. However, the theoretical calculations are
inconsistent with the actual action as the bond strength is
related only to the active steel fibres located at the tension
surface of concrete and subjected to pullout forces.

In the range of compressive strength of 30-35 MPa, it
was suggested using Eq. 9 proposed by Harajli et al. [47] to
evaluate the splitting bond strength of lightweight concrete
mixes reinforced with different geometries of rebars.

7, = 0.75\/176’ (c/d,)"” ©)

Applying Eq. 9 using the compressive strength data
presented in Table 5, the evaluation outputs are shown in
Table 8. It can be noted that the above suggested equation
gives an overestimation bond strength value for the refer-
ence lightweight concrete mix reaching 145%, and it was
underestimating for the bond strength values of the micro
and hook end fibre concrete mixes. On the other hand, close
agreement was observed for the concrete mix containing
hybrid steel fibre.

Conclusions

The goal of this study was to investigate the bond strength
of high strength lightweight concrete containing steel
fibres with different geometries through an experimental



Innovative Infrastructure Solutions (2023) 8:184

Page110f 13 184

Table 7 Theoretical

o . Mix symbol Enhancement of steel fibre to Properties of  Bond strength 7, (MPa) based on the
contribution of fibrous in the the tensile strength (MPa) (from steel fibre number of fibres used
bond strength Table 5)
d; I 1 14 34 51 68
L-M 3.97 0.22 13.01 020 337 6.75 10.12 13.50
L-H 4.17 0.51 3048 021 354 7.09 10.63 14.18
L-HY 4.47 0.37 2175 022 380 7.60 1140 1520

Table 8 Evaluation of bond strength values of lightweight concrete
mixes based on Eq. 9

No. Mix symbol Measured bond Calculated bond % Difference

strength (MPa) strength using
Eq. 9 (MPa)

1 L-RI12 5.08 12.47 +145.52
2 L-M-12 16.22 12.77 -21.27

3 L-H-12 16.54 13.25 -19.91
4 L-HY-12 14.60 14.12 -3.29

5 L-R-25 5.94 12.47 +109.98
6 L-M-25 17.20 12.77 -25.76

7  L-H-25 15.18 13.25 -12.73
8 L-HY-25 14.08 14.12 +0.28

programme. The core points of the results obtained can be
summarized as follows:

1. Adding steel fibres increases the density of the light-
weight concrete with a percentage of 7.5%. Neverthe-
less, the density value did not exceed the maximum limit
indicated for the structural lightweight (i.e., 1850 kg/
m?).

2. The compressive strength of fibrous lightweight concrete
mixes exhibited a lower rate of increase over time com-
pared to the reference mix. This can be attributed to the
limitations imposed by the matrix as well as the likeli-
hood of voids existing in the interfacial transition zone.
The feature of tensile strength cannot be characterized
in the same way.

3. The hybridization technique enhanced the behaviour of
lightweight concrete samples subjected to both compres-
sion and tensile loading. However, it was less effective
in the pullout test compared with the block samples con-
taining micro or hook end fibres alone.

4. The role of steel fibres was clear in the fractured speci-
mens where they tend to tailor the propagated cracks
which permit to achieve double tensile strength of the
reference samples.

5. The highest bond strength was for the hook end block
samples at 16.4 MPa representing a percentage increase
of 66%. While the highest slip value was noted for the
hybrid block samples at 36 mm with a percentage
increase of 136%.

6. The bond strength values of the lightweight concrete
blocks reinforced with @12mm and @25mm were simi-
lar. This indicative for a constant bond strength with the
keeping of similar ratio of rebar geometry and concrete
cover.

7. Splitting failure mode was noted for the reference light-

weight concrete blocks and it was converted to the slip-

ping mode for the fibrous concrete blocks due to the role
of steel fibres.

The contribution of the steel fibres in the bond strength

depends on the number of the active steel fibres work-

ing on the concrete surfaces subjected to pullout forces
and this cannot be estimated based on the bulk inclusion
mechanism.

9. The known formulas used for prediction of the bond
strength need for amendment to be used for the case of
lightweight concrete samples.
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