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A B S T R A C T   

Recent studies on affordability and sustainability of building materials have shown that broom fibres derived 
from the leaflets of oil palm tree have impressive tensile strength but poor bond strength with concrete. Although 
bonding has been reported to be improved when the fibres are combined in the form of tendons, the bond-slip 
failure between the tendons and concrete still compromises composite performance. This study, therefore, in-
vestigates the use of hose clamps in increasing slip resistance between oil palm broom fibres (OPBF) tendons and 
concrete matrix. A total of 64 concrete samples comprising of 46 beams (100x100x500 mm) reinforced with 
varying areas of OPBF tendons and 18 bond pull – out samples were prepared. The tendon reinforcements were 
fitted with hose clamps to improve the bond strength between the concrete and the reinforcement. Spacing 
between hose clamps was chosen as 45 mm and 85 mm. The flexural strength of the beams was tested under 4- 
point bending at 28, 56 and 112 days. Test results show improvement in the flexural capacity of the beams as a 
result of increased slip resistance induced by the hose clamps. Finite element modelling of the behaviour of the 
OPBF-tendon reinforced concrete was carried out and recommendations were made after ensuring that the ul-
timate and serviceability limit states are satisfied.   

1. Introduction 

The need for alternative construction materials that are both 
economically and environmentally sustainable cannot be over-
emphasised. Factors such as rising construction cost, high cost of urban 
land, weak land tenure system and lack of affordable housing finance 
have made it almost impossible for low and average income earners in 
developing countries to afford decent housing [1]. In the year 2000, 
Africa’s population was estimated at 294 million and is projected at 742 
million by 2030 with over 70% of its present urban population residing 
in slum settlements [2]. In most developing countries like Nigeria for 
instance whose total housing deficits is currently in excess of 22 million 
units (i.e., an increase of 15% from 2019) [3], conventional construction 
materials like reinforced concrete are expensive due to the importation 
of building materials such as reinforcing steel that is unavailable locally. 
The prevalence of slum settlements breeds inequality, poverty, and 
creates enabling environments for disease outbreaks in these countries 
[4], hence the need for locally available, affordable and environmentally 
friendly materials. Developing alternative building materials would 
lower construction costs while eliminating over-dependence on im-
ported ones some of which are energy-intensive and possess high carbon 
footprint due to manufacturing and transportation (e.g. steel). 

Studies have identified several natural materials which could serve 
as low-cost options for the use of steel reinforcement. These include the 
use of vegetable fibres such as coconut coir and oil palm fibres for res-
idential building applications [5 6 7], Grewia otiva and Pinus roxburghii 
fibres in reinforcing adobe [5], fan palm fibre for reinforcement of 
concrete [6], sisal and eucalyptus fibres for reinforcing cement-based 
roofing tiles [7], sisal fibre reinforced cement-based roofing compo-
nents [8], etc. These fibres are used in discrete form, randomly dispersed 
in cementitious matrices and have been reported to improve the me-
chanical properties of the resulting composite. Although drawbacks 
exist such as the embrittlement of the fibres by the alkaline environment 
of cementitious matrices [9] and dimensional instability due to hydro-
philicity of cellulose such that the bonding between fibre and matrix is 
compromised [10], studies have also shown how these drawbacks could 
be mitigated, for example, through thermal and chemical treatments [11 
12]. 

Vegetable fibres are usually recommended to be used as randomly 
distributed discrete fibre reinforcements, except bamboo and broom 
briskets (from oil palm tree) which have shown some prospects for use as 
longitudinal reinforcement in concrete [61]. In fact, bamboo is asserted 
to be superior to steel in terms of strength-to-weight ratio [12 16 17] and 
has enjoyed numerous research attention for its application in beams, 
columns and slabs. Ghavami [13] in the study of the flexural behaviour 
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of bamboo (Dendrocalamus giganteus) reinforced lightweight concrete 
(with characteristic compressive strength of 19 MPa) reported up to 
400% improvement in ultimate flexural strength of 120x300x3400mm 
beams. The surfaces of the bamboo strips were waterproofed with 
Negrolin (a water-based asphalt paint). The study recommended a 
maximum reinforcement ratio of 3%. Agarwal et al. [12] studied the 
feasibility of reinforcing M20 concrete with treated bamboo (Melocanna 
bambusoides) strips through a bond pull-out test, compressive and flex-
ural tests. The bamboo strips were pre-treated by coating their surfaces 
with adhesives such as Tapecrete P-151, Araldite, Sikadur 32 Gel and 
Corr RC. Sikadur 32 Gel proved to be the best coating for the reinforcing 
strips resulting in over 300% improvement in bond strength. Improve-
ment in flexural capacities of the 75x150x1000mm beams was up to 
29% with a bamboo reinforcement ratio of 1.49%. The study also re-
ported that 8% bamboo reinforcement ratio was equivalent to a 0.89% 
of steel reinforcement ratio in terms of axial and lateral resistance for a 
150 × 150 × 1000 mm concrete column. 

Qaiser et al. [14] studied the flexural behaviour of 
230x230x1880mm bamboo reinforced concrete beams. The bamboo 
strips were treated by applying a helical winding of steel wire and by 
corrugating the surface of the strips using mechanical means. The beams 
reinforced with the corrugated bamboo strips showed up to 80% 
improvement over the plain bamboo reinforced beams. Maximum bond 
strength of 0.29 MPa was recorded between the bamboo and concrete 
strips and a reinforcement ratio of 4% was adopted for the 17 MPa 
concrete based on the similarities in cracks pattern. 

Mali and Datta [15] carried out an experimental evaluation of con-
crete slabs reinforced with bamboo (Bambusa arundinacea) strips. The 
slabs had a plan dimension of 600x600mm and a thickness of 100 mm. 

Three categories of 20x10mm bamboo strips were used as reinforce-
ment: i.e., plain untreated strips, plain treated strips, and grooved 
treated strips. The strips were firstly dipped in chemical adhesive and 
thereafter wrapped with 1 mm steel wire over the strips in a helical form. 
The concrete used had a characteristic strength of 28 MPa while the 
spacing of the strips was 100 mm centre to centre in both directions. In 
terms of flexural strength, the bamboo reinforced concrete performed 
1.5–2 times better than the unreinforced concrete. The grooved treated 
bamboo had the best performance with energy absorption being over 
45% of the steel-reinforced slabs. The bamboo reinforced concrete slabs 
also showed similar failure pattern as the steel reinforced slabs. 
Although the grooved bamboo strips were recommended for use as 
structural reinforcement under limited gravity loading situation, dura-
bility concerns exist due to possible loss of concrete-bamboo bond with 
time. 

The overall performance of cementitious composites like concrete is 
dependent on the bond between matrix, reinforcement, and other 
complex interactions governing the value of fracture energy, occurrence 
of localised deformations, level of chemical adhesion, and the magni-
tude of frictional force and mechanical interlock [16]. The highest 
contribution to bonding between concrete and reinforcement arises 
from mechanical interlock [17]. Due to the surface conditions of steel 
reinforcement, sufficient bond is maintained with concrete thereby 
maintaining strain compatibility at the reinforcement depth. However, 
for most reinforcements of vegetable origin like bamboo-reinforced 
concrete, composite performance is usually compromised by the loss 
of bond between the reinforcement and concrete. This results in exces-
sive service deflections and reduced load capacities. This is further made 
worse with time-induced embrittlement of the reinforcement due to the 

Nomenclature 

fc is the uniaxial compressive strength of concrete 
ft is the uniaxial tensile strength of concrete 
fcu is the maximum uniaxial compressive strength of concrete 
fcm is the mean concrete strength in uniaxial compression 
ftu is the maximum uniaxial tensile strength of concrete 
εcu is the maximum strain of concrete in uniaxial compression 
ε′

o is strain of concrete at maximum uniaxial compressive 
stress fcu 

εel
o is elastic strain of concrete in uniaxial compression 

εel
of is the elastic strain of OPBF tendon in tension 

εf 
in is the inelastic strain of OPBF tendon in tension 

εin is the inelastic strain of concrete 
Eo is the undamaged elastic stiffness of concrete 
E is the post-elastic stiffness of concrete 
Eof is the undamaged elastic stiffness of OPBF tendon 
Efc is the damaged stiffness of OPBF tendon in compression 
dc is the compression damage parameter of concrete 
dt is the tension damage parameter of concrete 
εt is the tensile strain of concrete 
εcr is the cracking strain 
εpl is the plastic strain 
n is the calibration parameter for stress–strain response of 

concrete in tension 
Є is the eccentricity 
ψ is the dilation angle of material 
fbo is the concrete strength in biaxial compression 
fr is the modulus of rupture of concrete 
ff is the uniaxial tensile strength of OPBF tendon 
ffT is the maximum uniaxial tensile strength of OPBF tendon 
ffTd is the design tensile strength of OPBF tendon 

ffc is the maximum compressive strength of OPBF tendon 
fyd is the design strength of the steel reinforcement 
A is the area of steel reinforcement 
Af is the area of OPBF tendon reinforcement 
εT is the tensile strain at ffT 
εT

in is the inelastic strain of OPBF in uniaxial tension 
εc

in is the inelastic strain of OPBF in uniaxial compression 
εcT is the total compressive strain of OPBF tendon 
εel

of is the elastic strain of OPBF in uniaxial tension 
εel

oc is the elastic strain of OPBF in uniaxial compression 
Eoc is the undamaged elastic compressive stiffness of OPBF 

tendon 
Ef is the post-elastic stiffness of the OPBF tendon in tension 
dTf is the tension damage parameter of OPBF tendon 
dcT is the compression damage parameter of OPBF tendon 
εT

pl is the plastic strain of OPBF tendon 
knn is the cohesive stiffness in the normal direction 
kss is the cohesive stiffness in the shear direction 
ktt is the cohesive stiffness in the tangential direction 
Af is the area of OPBF tendon reinforcement 
z is the lever arm of reinforcing material 
F is the number of OPBF in a tendon 
dx is the effective depth of reinforcement 
M is the moment capacity of section 
z is the lever arm of the section 
Pmax is the maximum pull-out force 
Lb is the embedded length of tendon 
db is the cross-sectional diameter of tendon 
α, β, γ, λ1 and λ2 are real constants of OPBF stress–strain constitutive 

behaviour  
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presence of alkali in the cement thereby invalidating the usual design 
equations. Among methods reported for enhancing the bond between 
concrete and bamboo reinforcements, are notching of the bamboo 
reinforcement strips [14], use of epoxy coating on the reinforcement 
surface [18], a combination of grooving of reinforcement surface by 
mechanical means, coating with chemical adhesive and sand-blasting 
[15] helical wire winding around the reinforcement strips, water- 
proofing [13 14], use of studs [19] and use of hose clamps [20]. 

While bamboo has enjoyed the expected research attention as a 
natural material for the longitudinal reinforcement of concrete, only 
very little is known about OPBF. Recent studies have shown that broom 
briskets derived from the oil palm tree (Elaeis guineensis) possess me-
chanical properties similar to bamboo and is also superior to steel in 
terms of tensile strength/weight ratio [21 22]. Preliminary characteri-
sation of OPBF can be found in a previous study of Momoh et al. [23]. 
Although this tensile strength capacity can only be attained along the 
grains, the study opined that more than one OPBF can be twisted around 
one another in the longitudinal direction in a helical form to produce 
tendons. This procedure resulted in a boost in radial rigidity of the 
tendons. The use of OPBF in a combined tendon form was also suggested 
in a subsequent study which investigated the bond pull-out behaviour of 
single OPBF and OPBF tendons in C30 concrete at 28, 56 and 112 days 
[24]. The tendons were prepared by winding single OPBF around one 
another in the form of a helix after which the tendons were embedded in 
concrete to a length of 80 mm. In this form, bond strength of up to 1.16 
MPa representing 46% improvement (in comparison with the single 
OPBF) was reported. 

The problem with this method however is the difficulty in repro-
ducing the tendons on-site by merely winding the individual fibres over 
one another. Secondly, the mere winding of the fibres did not achieve 
much rigidity of the tendons due to low radial stiffness. Furthermore, a 
reduction of bond strength with time was reported due to the cement 
alkali-induced degradation of the OPBF surface at the fibre-concrete 
interface. The studies of Momoh et al. [11 25] reported attempts to 
mitigate fibre surface degradation by 3 pre-treatment methods, namely: 
soaking the OPBF tendons in (i) sodium hydroxide, (ii) triethox-
yvinylsilane, and (iii) boiling water. The studies recommended optimum 
treatments of either soaking the OPBF in 6% NaOH for 48 h, or in 3% 
triethoxyvinylsilane for 24 h, or by boiling the OPBF in water at 100 ◦C 
for 30 min. Improvement in bond strength of 37% was reported for the 
silane-treated tendons with concrete at 112 days, which implies that the 
durability of the OPBF tendons can be improved through the prescribed 
pre-treatments. However, the reported maximum bond strength of only 
1.12 MPa may not be sustained in the long-term as the OPBF tendons 
will still have to resist alkali-induced degradation beyond 112 days. 

Consequently, a more practical method of adequately mobilising the 
strength of the individual fibres into tendon units has become impera-
tive. The use of hose clamps has therefore been employed in this study to 
tie individual fibres together to form tendons. The attachment of hose 
clamps unto OPBF tendons would also provide shear connection be-
tween the OPBF tendons and concrete matrix. The consequent com-
posite action between the clamps, tendon and concrete would be 

advantageous for mechanical interlocking, slip resistance, bond 
strength, energy dissipation and the flexural capacity of the OPBF- 
reinforced concrete elements. Fig. 1.1 presents a simplified concept of 
bond stress distribution for a tendon (fitted with hose clamps) in a 
concrete matrix [61]. The use of hose-clamps to maximise bond strength 
between OPBF and concrete would lead a new line of research in 
alternative reinforcements, and hence ease pressure not only on steel but 
on already popularly researched alternatives like bamboo. The concept 
of providing shear connection on longitudinal reinforcement if extended 
to fibre reinforced polymer (FRP) bars reinforced concrete could solve 
the poor bond problem of FRP bars and could reveal an interesting 
composite behaviour. This study therefore seeks to investigate the 
behaviour of concrete reinforced with OPBF tendons that have been 
enhanced with steel hose clamps as well as employ finite element 
modelling in predicting the bond and flexural behaviour of the 
composite. 

This study commenced with an experimental programme in Section 
2, where individual OPBF were combined in the longitudinal direction, 
then fitted with hose clamps to form OPBF tendons (as depicted in 
Fig. 1.1). Tensile strength test was then performed on the tendons to 
study their tensile behaviour and to determine their ultimate tensile 
strengths. Similarly, compressive strength test was also performed on 
tendon units (i.e., short tendons consisting of hose clamps at both ends). 
Fresh concrete was prepared from which concrete cubes and cylinders 
were cast to determine the plain concrete compressive and tensile 
strengths respectively. Bond pull-out behaviour of the OPBF tendons 
was then studied to determine the bond strength of the OPBF tendons 
from concrete. After the assessment of bond behaviour, concrete prisms 
were cast embedded with OPBF tendon reinforcements, after which the 
flexural behaviour of the OPBF tendon reinforced beams was studied. 
Discussion of the results of the various experiments are presented in 
Section 3. Finally, finite element modelling of the behaviour of the OPBF 
tendon reinforced concrete was carried out using the concept of concrete 
damage plasticity (CDP) and compared to the results from the experi-
ments. The study is concluded in Section 4 with recommendations made 
such that ultimate and serviceability limit states are satisfied. 

2. Experimental programme 

The summary of the experiments/tasks carried out in this study is 
shown in the flowchart of Fig. 2.1 below: 

2.1. Materials and methods 

Oil palm broom fibres were purchased from Rice and Spice, Aberdeen, 
UK in form of broom units. The approximate age of the fibres is about 
400 days after harvesting. The fibres were air-dried to the moisture 

Fig. 1.1. Simplified conceptualisation of bond stress distribution for a hose- 
clamp fitted reinforcement tendon in concrete. 

Fig. 2.1. Summary of tasks carried out in the study.  
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content between 7 and 11%. At<7% moisture content, the fibres become 
brittle thereby making them difficult to handle. At a moisture content of 
9%, the density of OPBF was obtained as 840 kg/m3. All OPBF used in 
this study were not subjected to any form of treatment. Hose clamps 
made of mild steel were obtained from RS-component Ltd, Aberdeen, UK. 
Fig. 2.2 and Table 2.1 illustrate the dimensions and torque requirements 
of the clamps used for each of the reinforcement tendons. 

The binder and aggregates were obtained from Jewson Ltd, Aberdeen, 
UK. General-purpose cement (Blue Circle) was used as the binder while 
sand and gravel were used as the fine and coarse aggregates respectively. 
The specific gravities of the aggregates were determined according to 
the requirements of ASTM D854-14 [26]. Specific gravities of cement, 
fine aggregate and coarse aggregates were determined as 3.15, 2.55 and 
2.62 respectively. The analysis of particle sizes of the fine and coarse 
aggregates carried out according to the requirements of ASTM D2487 
[27]. 

The sand was classified as medium sand and the gravel as fine gravel 
having a maximum particle size of 10 mm. 

Concrete grade of C30 which is representative of concrete used for 
the construction of residential buildings was used for making the sam-
ples. A mix proportion of 1:1.5:3 of cement, sand and gravel respectively 
was used for the preparation of the concrete with water-cement ratio 
kept constant as 0.52. Mixing of cement and aggregate for concrete was 
carried out in an electrically powered concrete mixer with a capacity of 
30 L. Details of aggregate grading and mix used for this study is the same 
as used in earlier works by the authors [22]. The concrete was prepared 
and tested in compression according to ASTM C192/C192M-02 [28], in 
tension according to ASTM C496/C496M-17 [29], and in flexure ac-
cording to ASTM C1609/C1609M-12 [30]. Average compressive 
strength of the 3 (100x100 x100mm) plain concrete was 40 ± 2 MPa. 
Average tensile strength of the 3 (100∅x200mm) plain concrete cylin-
ders was 3.45 ± 0.1 MPa and the average flexural strength of the 3 
(100x100x500mm) plain concrete prisms was 4.04 ± 0.2 MPa. 

2.2. Tensile strength test of OPBF tendons 

OPBF without blemish were selected by physical inspection and cut 
into lengths of 250 mm. In order to enhance the rigidity of the fibres, the 
fibres were held side-by-side in the longitudinal direction in the form of 
tendons using hose clamps. Two hose clamps were used to hold the 
tendons at a spacing of 90 mm (gauge length). A torque wrench was used 
to tighten the hose clamps on to the tendons to a torque of 3.5 ± 0.2 N- 
m. Stainless steel wire rope was untwined to extract the individual steel 
wires which were then inserted across the cross-section of the smeared 
ends of the tendons. After this, a steel o-clip was inserted on the same 
end. The steel wire now situated at the bottom of the o-clips was raised 
and passed over the o-clips and through the tendon cross-section. This 
procedure was repeated for all four o-clips at both ends of the tendon 
samples and has been illustrated in Fig. 2.3. Both ends of the tendons 
beyond the gauge length were soaked in Araldite epoxy glue after which 
the clipped ends were flattened to about 10 mm thickness using a plier to 
enable insertion into the machine grip. The tendons were left for 72 h so 
that the glue could set before carrying out the test. This procedure 
ensured that the tendons acted as one unit (at least at the grips) so that 
the tensile force from the grips of the machine was adequately applied 
across the tendon cross-section. 

After adequate curing of the adhesive applied on to the samples, steel 
pipe clamps were tied firmly on to the 2 hose clamps used to hold the 
tendons (refer to Fig. 2.3). A steel bosshead was then screwed on to the 
threaded stud of each pipe clamp such that the bottom bosshead held the 
linear variable displacement transducer (LVDT) device while the top 
bosshead held a horizontal flat aluminium surface from which the tip of 
the LVDT device measured the extension of the tendons under axial 
tensile loading. Testing was carried out at 5 mm/min until failure of the 
tendons. Three identical samples were tested. 

For the reinforcement tendons, the fibres were first cut to a length of 
480 mm. In terms of the number of fibres, three categories of fibres were 
investigated: 40 fibres-tendon, 80 fibres-tendon and 120 fibres-tendon. 
In terms of spacing of hose clamps, two spacings were adopted: 45 
mm and 85 mm such that 040F-45 s refers to a tendon consisting of 40 
fibres and whose clamps are spaced at 45 mm. Similarly, 120F-85 s re-
fers to a tendon consisting of 120 fibres and whose clamps are spaced at 
85 mm. A torque wrench was used to tighten the hose clamps on to the 
tendons to a torque of 3.5 ± 0.2 N-m. 

2.3. Compressive strength test of OPBF tendons 

Due to the way several strands of fibres were combined into tendons, 
the compressive behaviour would be markedly different from the 
behaviour in tension. Hence compressive tests were also carried out. For 
the compressive strength test, OPBF without blemish were also selected 
by physical inspection and cut into lengths of 500 mm for easy handling. 
Hose clamps were used to hold the fibres side-by-side in the longitudinal 
direction to form tendons. Two (2) categories of tendons were tested in 
compression: these are the tendons with 45 mm spacing and the tendons 
with 85 mm spacing. The 85 and 45 mm spacing of hose clamps were 
adopted to evenly accommodate 6 and 10 hose clamps respectively 
within the 500 mm prism length for the flexural test samples. A torque 
wrench was used to tighten the hose clamps on to the tendons to a torque 
of 3.5 ± 0.2 N-m. The 2 categories of tendons were then cut into units 
with each unit comprising hose clamps at both ends, therefore making 

Fig. 2.2. Side views of steel hose clamps.  

Table 2.1 
Dimensions and specifications of hose clamps used in the study.  

Tendon* category Internal diameter (D) mm Width (W) mm B 
mm 

L 
mm 

∅ 
mm 

Thickness (T) mm Screw bolt Torque range 
N-m 

40F 9.5 – 12  9.0  10.0  11.0  6.0  0.6 Slotted Hexagonal 3 – 4 
80F and 120F 11 – 16  9.0  10.0  21.0  7.0  0.7 Slotted Hexagonal 3.5 – 5 

*40F means 40 OPBF/tendon. 
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the clamp spacing the gauge length of the specimens. The units were 
then tested for compression by applying an axial compressive load at a 
displacement control of 1 mm/min. Fig. 2.4a illustrates the units pre-
pared for compression testing and Fig. 2.4b shows some damaged 
samples after the compressive test. 

2.4. Bond pull-out test 

The samples for bond strength consist of 100 mm cubic concrete and 
an OPBF tendon embedded to a length of 80 mm. The hose clamp 
enhanced tendons described in section 2.2 were cut into lengths of 250 
mm. The bottom surface of the tendons was levelled using a hacksaw 
and then smeared with Araldite epoxy adhesive to enhance the rigidity 
of the surface for instrumentation. At the top of each tendon, a machine- 

Fig. 2.3. Illustration of (a) items used for sample preparation for tensile test of OPBF tendons, (b) tendon set up, (c) tensile test set up, and (d) tendons after 
tensile testing. 
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grip area was prepared by confining the tendons with 3 steel o-clips per 
end. This was achieved by spreading open the fibres at the top of the 
tendons, pouring in epoxy glue into the opening, then slotting in the o- 
clips and using a plier to flatten the o-clips unto the tendons such that a 
minor diameter of about 10 mm was obtained for the now oval (formerly 
circular) clips. This was done so that the end of the tendons could fit into 
the jaw of the machine. This procedure ensured that the tendons acted as 
one unit and the pull-out force from the grips of the machine was uni-
formly applied across the tendon cross-section. The result of not carrying 
out this procedure is that some or a portion of the fibres will be pulled 
out separately. The tendons were left for 72 h so that the adhesive could 
set before marking off the embedded length and inserting in concrete. 

Fresh concrete was poured into the 100 mm cubic moulds, and a 
tendon was inserted in each mould containing concrete. Each tendon 
was held in the vertical position by hand while the concrete was vibrated 
for about 20 s on the vibrating table. Generally, vibration is deemed 
sufficient as soon as the surface of the concrete becomes relatively 
smooth and large air bubbles cease to break through the top surface 
[28]. The concrete surfaces were levelled using a hand trowel and the 
samples were left standing for about 24 h for adequate setting of the 
concrete. The samples were transferred into a curing tank with the water 
depth maintained at about 100 mm. This was done to avoid soaking of 
the tendons above the concrete. A total of 18 samples were cast for the 
bond pull-out investigation. The following nomenclature was used for 
sample identification, XF-Yc-Zd where X is the number of fibres per 
tendon, Y is the number of clamps and Z is the age of curing (in days) of 
the sample. For instance, 080F-2c-56d refers to a bond pull-out sample 
of 80 fibres/tendon, 2 embedded clamps and tested at 56 days. Simi-
larly, 120F-1c-28d refers to a bond pull-out sample consisting of 120 
fibres per tendon, 1 embedded clamp and tested at 28 days. Two iden-
tical samples each were prepared and tested for the bond pull-out tests. 
Although a single bond-pull out curve for each sample is presented in 
Fig. 3.3, the variation in bond strength can be seen in the standard de-
viations (represented by error bars) in Fig. 3.4. 

The bond strength between the fibres and concrete matrix was 
measured at 28, 56 and 112 days through direct pull-out of the OPBF 
tendons from the concrete. At the respective maturity dates, the samples 
were taken out of the water, left standing for about 3 h to dry and then 
the underside opened to expose the end of the tendons. An LVDT device 
was inserted through this opening, touching the tendon. The test set up 
and illustrations are shown in Fig. 2.5. 

The tendons were pulled out of the concrete matrix at the rate of 2.5 
mm/min. Bond stress 

(
uf
)

can be calculated using Eq. (2.1): 

Fig. 2.4. OPBF tendon samples in basic units: (a) before compression test. (b) 
after compression test. 

Fig. 2.5. Set up for pull-out test.  
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uf =
Pmax

πdbLb
, (2.1) 

where, Pmax is maximum pull-out load, db, the diameter of tendon 
cross-section and Lb is the embedded tendon length. This pull-out pro-
cedure is consistent with studies [31 32]. 

2.5. Flexural test of OPBF reinforced concrete 

A singly reinforced section was attempted where the area of the 
reinforcement was varied by increasing the number of OPBF, i.e. in the 
three categories of 40F, 80F and 120F tendons. In terms of spacing of 
hose clamps, two spacings were adopted: 45 mm and 85 mm. Each 
reinforcement consisted of 2 tendons and 5 single fibres used for con-
necting the tendons. The spacing of the connecting fibres was set to 45 
mm for all reinforcements (see Fig. 2.6a and 2.6b). Three tendon sizes 
and two clamp spacings were employed to observe possible effects of the 
reinforcement areas, spacings of the hose clamps and age (of curing of 
concrete) on the flexural response of the reinforced concrete beams. 

The metallic moulds were placed on a vibrating table after which 
fresh concrete was poured into them to a depth of 10 mm and vibrated 
for about 20 s. The reinforcement was then placed in the moulds already 
containing the concrete such that the concrete cover to reinforcement 
was 10 mm. The rest of the concrete was then poured into the moulds to 
the full and vibrated for a further 60 s. After this, the sample surfaces 
were levelled with the aid of a hand trowel. The samples were then left 

to set for 24 h after which they were demoulded and transferred to the 
curing area. The samples were then covered with jute bags with tap 
water poured over the covering until it was wet. After this, a covering of 
polyethene material was laid over the jute covering to minimise evap-
oration of water. The wetting procedure was carried out every 2 days. 
Curing of the samples was done in the laboratory at room temperature 
for 28, 56 and 112 days. The following nomenclature was used for 
sample identification: XF-Ys-Zd. For instance, 040F-45 s-028d refers to a 
beam sample reinforced with 40 fibres, whose clamps are spaced at 45 
mm and should be tested at 28 days. 

At the respective maturity dates, the samples were removed from the 
curing area and left standing on a preparation table for about an hour to 
dry. The samples were then wiped clean using a toilet paper after which 
a marker was used to mark the points for the machine fixtures. An 
aluminium bracket was attached to the side of the samples at midspan. A 
test frame was mounted accordingly on these markings before trans-
ferring the samples onto the test machine. An LVDT device was inserted 
on the provision made on the test frame and positioned onto the side 
bracket on the samples to measure midspan deflection. The samples 
were then subjected to 4-point flexure according to ASTM C1609/ 
C1609M-12 [30]. Although there exists no design guidance yet for this 
kind of research where small strands of materials are put together to act 
monolithically as longitudinal reinforcement in concrete, the ASTM 
C1609 provides a practicable starting point. Fig. 2.7 illustrates the 
flexural strength test set up. A total of 46 beam samples of 
100x100x500mm were cast with varying OPBF reinforcement areas. 
Single samples were made and tested in flexure for the OPBF tendon 
reinforced concrete, hence single results are provided. 

Two samples each of unreinforced and a steel-reinforced prisms 
(with ribbed 6 mm steel rebar) were also prepared in order to compare 
the behaviour of the palm tendon reinforced concrete. The steel rebars 
with modulus of elasticity of 200GPa and yield strength of 400 MPa (at a 
strain of 0.002) were purchased from Wickes stores, Dundee, UK. There 
was no provision for shear reinforcement for all samples. In order words, 
there was no use of stirrups used in this study. Furthermore, due to the 
nascent stage of this research, the overall flexural behaviour (from onset 
of loading to complete destruction) of the samples were taken into 
consideration since design guidance and recommendation cannot be 
carried out without a robust understanding of post-peak flexural 
behaviour. 

Fig. 2.6. (a): Illustration of OPBF tendon reinforcement in mould (b) Cross- 
section and longitudinal sections of an OPBF reinforced concrete sample. 

Fig. 2.7. The 4-point flexural strength set up.  
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3. Results and discussion 

3.1. Behaviour of OPBF tendons 

3.1.1. Tensile behaviour of OPBF tendons 
Although the behaviour of single OPBF in uniaxial tension is 

approximately linear elastic, like most fibres of vegetative origin, the 
behaviour of the tendons can be better described as a “pseudo-inelastic” 
response. This is because the individual fibres in the tendon fail in a 
brittle manner at different stress levels. At the onset of loading, the 
tendons respond in a linear elastic manner. At some point, the slope of 
the stress–strain curve reduces as the first set of fibres fail thereby 
resulting in the transfer of stress on to a reduced section. This inelastic 
regime continues until most of the individual fibre fracture and a rapid 
deterioration of the stress–strain curve occurs. This is beneficial for the 
composite behaviour with concrete as sudden section failure of the 
concrete would be suppressed/eliminated. Average tensile strength of 
198 MPa was recorded while Fig. 3.1 presents the stress–strain curves of 
the three tensile tests carried out and an idealised curve to model the 
uniaxial stress–strain relationship. 

3.1.2. Compressive behaviour of OPBF tendons 
Fig. 3.2 shows the compressive behaviour of the two categories of 

tendons. As loading commenced, fibre re-orientation within the tendons 
caused an initial low resistance to the compressive stress. As fibre re- 
orientation reaches an optimum, the resistance of the section is 
enhanced, and a stress hardening response is experienced where the 
slope of the stress–strain curve increases steadily. The modulus of elas-
ticity of the section is then maintained until the peak compressive 
strength is reached. After the peak compressive stress, there is a rapid 

deterioration in strength as fibres buckle radially. 
Fig. 2.4a and 2.4b show the different categories of tendons before 

and after compressive testing. Fig. 3.2 shows typical stress–strain curves 
for tendons whose clamps were spaced at 45 mm and 85 mm. The 
compressive strength of the fibres with 45 mm clamp spacing, was 
higher than that of the tendons with 85 mm clamp spacing. This is 
because a larger spacing implies a longer length of unconfined fibres 
thereby increasing fibre slenderness and hence reducing their critical 
buckling load. 

3.2. Bond pull-out behaviour of OPBF tendons 

Bond pull-out behaviour of OPBF-tendons from concrete was char-
acterised by an initial complete adhesion between the tendons and 
concrete. As the pull-out load increased, adhesion was lost, and the pull- 
out force was transferred onto the clamps. Beyond this stage, the grip of 
the clamps on the tendons was lost due to damage of circumferential 
fibres and the tendon slips through the concrete until complete pull-out. 
From the experiment, slip between the clamps and the concrete was 
observed to be negligible. Fig. 3.3 presents the experimental bond slip 
curve for all tendon categories at 28 days, while Fig. 3.4 shows a sum-
mary of the average maximum bond strengths (with error bars repre-
senting standard deviations) at 28, 56 and 112 days. 

Maximum bond strength increased with the size of the tendons and 
the reduced clamp spacing. In the case of steel-reinforced concrete, 
however, bond strength reduces with increasing size of the rebars due to 
Poisson ratio effect [17 33], the case is different for OPBF tendons as an 
increase in bar diameter implies a corresponding increase in the number 
of fibres. Consequently, surface undulation increases, and more sites are 
created for friction and adhesion. Maximum bond strength of 1.6 MPa 

Fig. 3.1. Stress–strain curves of tensile tests of OPBF tendons.  

Fig. 3.2. Compressive strength of OPBF tendons.  

Fig. 3.3. Bond pull-out response of clamp enhanced OPBF tendons at 28 days.  

Fig. 3.4. Bond pull-out response of clamp enhanced OPBF tendons at 28, 56 
and 112 days (error bars represent standard deviation of the bond 
strength values). 
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was recorded for the 120F-2c-28d sample. 
However, it was noticed that the bond strengths reduced with the age 

of the samples. The cement alkali-induced embrittlement of the OPBF 
surface is responsible for the drop in bond strength (Fig. 3.4). Images 
confirming the deterioration of OPBF in concrete after 112 days were 
obtained through scanning electron microscopy in an earlier study by 
Momoh et al. [24]. Generally, alkali-induced degradation is a major 
drawback to the use of natural fibres as reinforcement and corroborates 
the findings of previous studies [7 8 16]. While the proposed chemical 
and thermal methods of mitigating this drawback [6 11] have mainly 
been applied to discrete fibres, surface coating with structural grade 
adhesives and the use of mechanical attachments have yielded superior 
results on natural (longitudinal) reinforcements like bamboo strips [13 
34 20]. 

A maximum reduction in bond strength of 27% and 39% was 
recorded at 56 days and 112 days respectively for the 40F-tendons, 
while the average reduction in bond strength across all tendon config-
urations was 14% and 27% at 56 days and 112 days respectively. This 
means that the loss of bond strength with time reduced with increase in 
the size of the tendons. The higher loss of bond with time for the 40F 
fibres is due to the fact that the percentage of total fibres forming the 
circumference of the tendons is greater than that for the 80F and 120F 
tendons. In order words, more of the fibres in 40F tendons were exposed 
to the concrete. As the circumferential fibres absorbed alkali from 
moisture in the surrounding concrete, the bond with the concrete was 
compromised due to degradation of tendon surface. Generally, a pull-out 
failure mode was experienced for all samples (see Fig. 3.5). 

3.3. Flexural behaviour of OPBF reinforced concrete 

The flexural behaviour of OPBF-reinforced concrete is characterised 
by an initial linear elastic response (pre-crack stage) after which 
cracking of concrete sets in and the slope of the force-midspan deflection 

curve reduces. As the micro-cracks expand into macro-cracks and mul-
tiple macro-cracks develops, the slope continues to reduce until the 
maximum capacity (ultimate failure load) is reached. Then the force-
–deflection curve drops rapidly. Fig. 3.6 (a – c) present the results of the 
force–deflection curves at 28, 56 and 112 days respectively, while 
Fig. 3.7 presents the maximum flexural capacities of the samples. The 
flexural capacities of the samples increase with an increase in tendon 
area and reduced clamp spacing. The reduction of flexural capacities 
with age is due to the degradation of the OPBF-concrete interface. Alkali 
present in the cement embrittles and deteriorates the OPBF tendon 
surface thereby reducing the bond stress between reinforcement and 
matrix. This is common with fibres of vegetable origin [24]. 

Structural indicators such as pre-crack flexural stiffness, service-
ability loads, post-cracking load, energy absorption and ultimate load- 

Fig. 3.5. Some bond pull-out samples after testing.  

Fig. 3.6a. Flexural response of clamp enhanced OPBF reinforced concrete at 
28 days. 

Fig. 3.6b. Flexural response of clamp enhanced OPBF reinforced concrete at 
56 days. 

Fig. 3.6c. Flexural response of clamp enhanced OPBF reinforced concrete at 
112 days. 

Fig. 3.7. Maximum flexural capacity of clamp enhanced OPBF rein-
forced concrete. 
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to-weight ratios for the different tendon reinforcement areas, age of 
sample and clamp spacings are presented in Table 3.1. 

There was no noticeable difference in pre-crack flexural stiffness of 
all the samples for all test durations though the load–deflection rela-
tionship was largely influenced by the reinforcement type. Compared 
with the steel reinforced sample, the OPBF tendon concrete generally 
experienced higher deflection (up to 5 mm) due to the relative lower 
stiffness of OPBF. The steel reinforced sample was characterised by 
sudden shear failure, hence the termination of the test at 3 mm deflec-
tion. However, for reinforcement ratios greater than 2.33%, the flexural 
response of the OPBF-tendon concrete displays better energy absorption 
which is usually one of the main characteristics of concrete reinforced 
with natural fibres [22]. The hose clamps acted like shear connectors by 
transferring tensile stresses from the concrete onto the tendons. Fig. 3.8 
shows the calculated energy absorbed in flexural response (flexural 
toughness) by the samples. Energy absorbed was determined by using 

the trapezoidal rule to integrate the respective areas between the curve 
and the horizontal (midspan deflection) axis for each of the samples 
shown in Figs. 3.6 (a – c). The 120F-45 s-28d sample gives the highest 
value of energy absorbed (131.97 Joules) while the unreinforced sample 
gives the lowest absorbed energy (1.805 Joules). 

Although the amount of energy absorbed was expected to reduce 
drastically with the age of samples due to the alkali-induced deteriora-
tion of the OPBF surface, only the 40F tendons seemed to meet this 
expectation. In fact, there were slight increases in energy absorption for 
the 80F and 120F tendons. This is because, for the 40F fibres the per-
centage of fibres forming the circumference of the tendons is greater 
than that for the 80F and 120F tendons. As the circumferential fibres 
absorbed moisture, although the bond with the concrete will soften, 
these fibres act as a protective layer to the inner fibres hence main-
taining the strength of the inner fibres and enhancing the energy ab-
sorption of the composite. Generally, concrete reinforced with fibres of 
vegetative origin displays higher energy dissipation capacity than steel- 
reinforced concrete [7 15]. Crack development was noticed earlier for 
the tendon reinforced concrete due to factors such as microcracks 
development around hose clamps as a result of air bubbles trapped in the 
concrete during production, dimensional instability of the OPBF- 
tendons due to water absorption, degradation of tendon/concrete 
interface, and the relatively low modulus of elasticity of the tendons. 

Unlike bamboo reinforced concrete, whose flexural response curve 
tends to be linear, OPBF-tendon concrete displays a 3-zone flexural 
response of elastic, elasto-plastic, and plastic, like steel reinforced con-
crete [20]. The tensile response of the individual tendons in which the 
fibres constituting the tendons fail gradually is responsible for this. This 
means that the mechanism of flexural response is governed by a complex 
combination of bond failure at concrete/tendon interface, failure of 
individual OPBF, mechanical interlocking of hose clamps in the concrete 
and damage of the concrete in tension and compression. The steel- 
reinforced concrete in this study failed in a sudden shear mode 
without yielding of the rebars due to the absence of shear reinforcement 

Table 3.1 
Structural indicators of unreinforced, OPBF reinforced and steel reinforced concrete beams.  

Type of sample (reinforcement 
ratio %) 

Structural indicators OPBF-tendon reinforced concrete (maturity dates and clamp spacings) 
28 days 56 days 112 days 
45 mm 85 mm 45 mm 85 mm 45 mm 85 mm 

Unreinforced concrete (0.00) Pre-crack flexural stiffness (kN/mm) 102.68 101.14 100.85 
Load at first crack (kN) / corresponding 
deflection (mm) 

7.085 /0.069 7.687 /0.076 8.068 /0.080 

Ultimate load (kN) /corresponding deflection 
(mm) 

7.085 /0.069 7.687 /0.076 9.033 /0.095 

Toughness kNmm 1.805 2.235 2.684 
40F (0.96) Pre-crack flexural stiffness (kN/mm) 146.98 156.10 133.06 161.68 127.36 172.25 

Load at first crack (kN) /corresponding 
deflection (mm) 

7.780 
/0.069 

7.760 
/0.057 

7.700 
/0.077 

7.862 
/0.053 

6.80 
/0.048 

7.97/0.062 

Ultimate load (kN) /corresponding deflection 
(mm) 

14.60/ 
2.106 

14.34/ 
2.044 

13.29 
/1.322 

11.34 
/0.703 

12.72 
/1.830 

7.97 
/0.060 

Toughness kNmm 50.32 49.73 44.92 29.63 46.89 23.71 
80F (2.33) Pre-crack flexural stiffness (kN/mm) 165.12 165.13 157.22 153.70 108.42 136.85 

Load at first crack (kN) /corresponding 
deflection (mm) 

7.761 
/0.051 

8.872 
/0.113 

8.159 
/0.067 

6.774 
/0.055 

5.14 
/0.049 

6.71 
/0.066 

Ultimate load (kN) /corresponding deflection 
(mm) 

33.10 
/3.157 

27.95 
/2.567 

22.52 
/1.993 

22.98 
/1.367 

19.25 
/3.96 

17.11 
/2.40 

Toughness (kNmm) 117.60 97.18 76.55 67.05 82.37 67.23 
120F (3.49) Pre-crack flexural stiffness (kN/mm) 129.51 130.52 130.22 165.45 166.86 168.60 

Load at first crack (kN) /corresponding 
deflection (mm) 

5.764 
/0.047 

8.751 
/0.095 

8.143 
/0.105 

7.005 
/0.051 

8.87 
/0.063 

8.15 
/0.057 

Ultimate load (kN) /corresponding deflection 
(mm) 

40.20 
/3.435 

32.50 
/3.330 

27.18 
/2.797 

23.04 
/1.771 

26.01 
/1.737 

24.64 
/1.631 

Toughness (kNmm) 131.97 126.28 86.24 74.24 79.61 90.99 
Steel- reinforced concrete (0.56) Pre-crack flexural stiffness (kN/mm) 149.21 

Load at first crack (kN) /corresponding 
deflection (mm) 

18.61 /0.217 

Ultimate load (kN) /corresponding deflection 
(mm) 

41.6 /0.838 

Toughness (kNmm) 59.77  

Fig. 3.8. Flexural toughness of clamp enhanced OPBF reinforced concrete at 
28, 56 and 112 days. 
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(stirrups). The shape of the force–deflection curve obtained for the steel- 
reinforced concrete (without stirrups) is consistent with the study of 
Kurumatani et al. [35]. 

The cracking moment (Mcr) can be determined directly from each 
curve at the point of appearance of the first crack. Due to the sudden 
drop in strength after cracking for the 40F tendons (see Figs. 3.6 a – c), 
minimum reinforcement ratio of 2.33% is recommended for OPBF 
reinforced concrete beams. From the flexural curves, it can be concluded 
that a reinforcement ratio of 3.49% (120F-45-28d) gives a commensu-
rate performance with 0.56% of steel, in terms of the maximum flexural 
capacity of the beam section. The relatively low elastic modulus of 
natural fibres imply that a greater reinforcement ratio is needed for a 
comparative performance with steel reinforcement. This is corroborated 
in the studies of Muhtar et al. [20] who recommended 4% bamboo 
reinforcement ratio as an alternative to 0.89% steel for a 
150x75x1000mm beam in flexure, and Agarwal et al. [12] who achieved 
a commensurate axial and lateral resistance for a 150x150x1000mm 
concrete column reinforced with 8% bamboo reinforcement instead of 
0.89% of steel. 

3.4. Practical design considerations 

It is important to mention that the difference in the behaviour be-
tween conventional steel-reinforced concrete and OPBF-reinforced 
concrete leads to a different design approach. OPBF can be approxi-
mated as being elastic and brittle while steel can be ascertained as 
plastic and ductile. Therefore, a factored allowable strength for OPBF 
tendons needs to be adopted for a good margin of safety. Secondly, the 
relatively low bond strength at the tendon/concrete interface implies 
that the full strain-compatibility assumed between steel and concrete is 
not the case for the OPBF – tendon reinforced concrete. The lower elastic 
modulus of OPBF tendons (about 10% of steel) also implies that strin-
gent design requirements may be necessary to satisfy serviceability. 

Momoh et al. [23] carried out tensile strength test on single OPBF. 
Details of the test can be found in the study, however data from the study 
is plotted as a frequency distribution chart (and presented in Fig. 3.9). 
Characteristic tensile strength (ffT) of 200 MPa can be adopted for a safe 
boundary due to the limited number of tensile tests carried out on the 
tendons (from Figs. 3.1 and 3.9). Using a material safety factor γopbf of 
0.67, results in a tendon design strength (ffTd) of 165 MPa and this leads 
to some practical design implications. 

Other material properties determined from the experimental results 
in the present study are listed below:  

• Concrete compressive strength, fcu’ = 40 MPa  
• Concrete modulus of rupture, fr = 3.4 MPa  
• OPBF tendon characteristic strength, ffT = 200 MPa  
• Design strength of OPBF (ffTd) using a reduction factor of 0.67 = 165 

MPa  
• A 10 mm clear cover for all reinforcing members  

• Beams are analysed as simply supported with four-point bending set- 
up. 

The beam section is 100x100mm having various areas of OPBF re-
inforcements. The effective depth to the bottom reinforcement for the 
beam sections was determined as: 

dx = 100 – 10(cover) – ∅/2, (3.1). 
where ∅ are the respective diameters of the OPBF tendon re-

inforcements. By using the Eurocode 2 [36] formula for determining the 
area of reinforcement required for a rectangular section, the maximum 
moment capacity of the section can be determined by: 

M = 0.87Afydz, (3.2) 

where A is the area of reinforcement, fyd is the design strength of the 
steel reinforcement, and z is the lever arm of the section which usually 
has an upper limit of 95% of the effective depth (dx). From Fig. 3.6a, the 
maximum flexural force (40kN) of the 120F-45 s-28d sample can be 
approximated to that of the control sample reinforced with 6 mm rebar 
(41kN). According to Eq. (3.2), the moment capacity of the control 
sample would be 2.03kNm assuming a yield stress of 500 MPa for the 
reinforcing steel. If we set the moment capacity of the section at 
2.03kNm and replace the other terms of Eq. (3.2) with the corresponding 
quantities for the same section but reinforced with 120F OPBF tendons, 
a proportionate Eq. (3.2) for OPBF reinforced concrete would translate 
to Eq. (3.3) thus: 

M = 0.46Af ffTdz, (3.3) 

where Af is the area of OPBF tendon reinforcement, ftTd is the design 
strength of the OPBF tendon reinforcement, and z is the lever arm of the 
section taken as 0.95d. From several measurements of tendon cross- 
sectional areas, a correlation between cross-sectional area (Atf) and 
number of fibres (F) constituting a tendon was obtained as: 

F = At/1.456 (3.4). 
Equation 3.4 can be used to calculate the number of individual OPBF 

required for a calculated tendon area of reinforcement and vice versa. 
The accuracy of this correlation is 99.5% in terms of the coefficient of 
determination (R2). Eq. (3.3) can be used to estimate the maximum 
moment capacity of an OPBF tendon reinforced section with hose 
clamps spaced at 45 mm. It also implies that the use of an equal area of 
OPBF tendons in place of steel rebar would result in about 55% reduc-
tion in the moment capacity of the section at serviceability limit state. In 
other words, a reinforcement ratio of 3.49% OPBF gives a commensurate 
performance with 0.56% of steel, in terms of the flexural capacity of the 
section. This trend of higher reinforcement area required for natural 
fibres can be seen in bamboo reinforced concrete beams with a rein-
forcement ratio of 4% bamboo against 0.89% steel [20]. Natural fibres 
due to their relatively low elastic modulus require a greater area of 
reinforcement in order to achieve a commensurate axial stiffness as 
reinforcement steel. 

However, the relatively low modulus of elasticity of vegetative fibres 
causes excessive deflections when used as reinforcements in concrete 
[12] and this is no different for OPBF tendons. With OPBF tendon 
reinforcement deflection limits would be satisfied with a higher rein-
forcement ratio. Deflection checks for reinforced concrete beams are not 
carried out like in the case of steel sections, the serviceability of a 
reinforced concrete beam is measured by comparing the calculated 
span/effective depth ratio (L/d) with the limit specified in Eurocode 2 
[36]. The span/effective depth ratio for the samples tested in this study 
satisfies the code requirement but the sample dimensions 
(100x100x500mm) may be too small to make recommendations espe-
cially on a new reinforcement type like OPBF tendons. However, 
considering the Eurocode 2 deflection limit of 0.4% span, the maximum 
deflection for a 450 mm span of 100x100mm (used in this study) would 
be 1.8 mm. From Figs. 3.6 (a – c), the steel-reinforced section clearly 
reaches its peak strength before the deflection limit while the OPBF- 

Fig. 3.9. Frequency distribution chart of tensile strength of OPBF obtained 
from 140 single fibres. 
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tendons reinforced samples achieved only about 65% capacity at the 
deflection serviceability limit of 1.8 mm. The relatively high deflection 
at peak strength for the OPBF tendon reinforced samples would also 
create serviceability concerns such as unacceptable crack widths in 
practical application. The design implication is that the capacity of the 
section would be reduced, or the reinforcement ratio would need to be 
increased. In the case of increasing reinforcement ratio aggregate sizing 
of coarse aggregate would also be reduced to allow for adequate 
compaction during production. Further studies on creep of OPBF rein-
forced concrete would be revealing in terms of its long-term 
performance. 

Another important consideration is the loss of bond due to alkali- 
induced embrittlement of the OPBF surface in the concrete matrix. 
Since most studies on bamboo reinforced concrete report on the me-
chanical behaviour at 28 days, findings on the long-term bond behaviour 
between bamboo and concrete is scarce thereby making the comparison 
of the results of this study difficult. Nonetheless, measures are required 
to mitigate the loss of bond at the concrete-OPBF interface in order to 
improve long term performance and further studies in this regard is 
necessary. Overall, the 28 days flexural performance of the OPBF tendon 
reinforced concrete is impressive. For an allowable stress design 
approach where the section is designed to perform within the elastic 
range, the tendons would serve satisfactorily as structural reinforcement 
for lintel beams. Therefore, the natural tendon reinforced concrete 
would be adequate for light structural members like lintel beams for 
residential housing. Furthermore, treatments such as surface coatings 
with adhesives which have proved successful for bamboo re-
inforcements [132155] can also be applied to OPBF tendons in order to 
enhance performance in the long term. 

4. Finite element modelling of constituent materials 

A popular method of modelling brittle materials is through the use of 
Concrete Damage Plasticity (CDP) concept which requires the formu-
lation of a single constitutive model incorporating both tensile and 
compressive failures, with appropriate values of the relevant parameters 
[37 38]. CDP is based on two main damage criteria, i.e., tensile cracking 
and compressive crushing [39] while the failure surface is governed by 
the plastic strains in tension and compression. In other words, CDP 
predicts complete inelastic behaviour and damage of a material in both 
tension and compression. It has the advantage of being interpreted 
clearly with physical experimental parameters. Stress–strain response 
for the material under uniaxial compression is governed by a damage 
parameter d, specified with limits 0 < d < 1. At full elasticity, d = 0 while 
at complete destruction, d = 1. In the absence of the damage parameter, 
the post-elastic response is fully plastic. This is because the CDP model is 
based on the response of concrete to triaxial stress. Setting dc = 0 implies 
that the concrete is confined such that the confining force prevents crack 
propagation, thereby eliminating inherent brittleness and enhancing 
ductile behaviour [40]. The CDP concept, although originally developed 
for modelling concrete, has also found successful application in model-
ling other materials such as fibre-reinforced polymers [41] and has 
therefore been used for modelling the behaviour of tendons in this study. 
ABAQUS/Standard and ABAQUS/Explicit were employed in the 
modelling of plain concrete and OPBF tendon reinforced concrete 
respectively. 

4.1. Modelling of plain concrete 

4.1.1. Behaviour of concrete in compression 
Modelling concrete behaviour in ABAQUS requires the user to 

specify the following: 

Compressive stresses (fc) 
Inelastic strains (εin) 
Compressive damage parameter (d) 

The maximum uniaxial compressive strength for unconfined con-
crete was obtained from compressive strength test and was used to 
develop the stress–strain data used as input for ABAQUS. The constitu-
tive model employed is the popularly used Ritter’s parabola as explained 
in the study of Hognestad [42 43]. Using the Ritter’s parabola, the 
ascending part of the uniaxial stress–strain relationship of concrete was 
defined by Eq. (4.1) and the softening part simplified by a constant slope 
as shown in Eq. (4.2). 
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o :
f
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ε
ε′

o

(
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ε′

o

)

(4.1)  
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(
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o
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o

)

, (4.2) 

where fcu is the maximum uniaxial compressive strength and ε is 
strain, εcu is the corresponding maximum strain. 

Without experimental data, it is possible to obtain stress–strain data 
for normal strength concrete using Eqs (4.1) and (4.2) and strain at 
maximum stress ε′

o from Eq. (4.3) [44]: 

ε′

o = (0.71fcu + 168)x 10− 5 (4.3) 

The inelastic strain εin is defined as the strain beyond which the 
concrete changes from elastic response to inelastic response. Studies 
recommend using 40–50% of the peak compressive strength (fcu) at the 
maximum elastic strain for concrete [43 45 46], hence a value of 45% 
has been used in this study. The commencement of inelastic response is 
illustrated in the stress–strain curve shown in Fig. 4.1. The total strain 
tensor εcu is the sum of the elastic strain εel

o and the inelastic strain εin as 
defined in Eq. (4.4): 

εcu = εel
o + εin (4.4) 

where. 

εel
o =

fc

E0
(4.5a) 

which could be re-written as. 

fc = Eo
(
εcu − εin) (4.5b) 

The relationship between the compression damage parameter dc, and 
the elastic stiffness E0 can be written thus: 

E = (1 − dc)Eo, (4.5c) 

where Eo and E are the undamaged elastic stiffness and the post- 
elastic stiffness of the concrete respectively. 

A simplified relationship between stress at any given point (fc) 

Stress f

Fig. 4.1. Simplified analytical stress–strain curve for concrete under uniaxial 
compression. 

E.O. Momoh et al.                                                                                                                                                                                                                              



Construction and Building Materials 341 (2022) 127824

13

beyond the maximum stress (fcu) and damage parameter (dc) is therefore 
given as: 

dc = 1 −
fc

fcu
(4.6) 

Combining Eqs 4.5a, 4.5b and 4.6 gives the uniaxial compression 
response of concrete with respect to the CDP model (Eq. (4.7)): 

fc =
εcu − εin

1 − dc
E (4.7) 

Similarly, the maximum uniaxial compressive stress can be written 
as. 

fcu =
fc

(1 − dc)
≡ Eo

(
εcu − εin) (4.8) 

An average compressive strength of 40 MPa was obtained from the 
compressive strength test of 100 mm cubic samples while Elastic 
modulus Eo of 35.5GPa was selected for the 40 MPa concrete with 
guidance from Eurocode 2 [36]. These were used as inputs to generate 
the stress–strain data of the concrete in compression (see Table 4.1). 

4.1.2. Behaviour of concrete in tension 
Like compression modelling, concrete tensile behaviour in ABAQUS 

requires the user to specify the following: 

Tensile stresses (ft) 
Inelastic strains (εin) 
Tensile damage parameter (dt) 

Reliable behaviour in tension is difficult to obtain by subjecting 
concrete to direct tension, hence splitting tensile tests were performed as 
an indirect procedure for measuring concrete tensile behaviour. For the 
purpose of modelling, mean tensile strength (fctm) can be derived 
analytically using Eq. 4.9a which shows that the mean tensile strength 
for normal strength concrete is about 10–12% of the characteristic 
compressive strength of a cylindrical concrete specimen (fck). For con-
crete strength classes above C50/60, fctm is derived from the mean 
compressive strength (fcm) and the relationship is shown in Eq. 4.9b 
[47]: 

ftm = 0.30
(

f 2/3
ck

)
(4.9a)  

ftm = 212loge

[

1+
fcm

10

]

(4.9b) 

Similar to the compressive stress–strain curve, the tensile stress–-
strain curve is divided into the linear elastic ascending part and the post- 
failure tension softening response. Post-peak tension softening can be 
modelled in three ways: linear, bilinear, or exponential [45]. In this 
study, the exponential softening response best described the results of 
the split tensile test conducted and was hence adopted such that: 

forεt ≤ εcr : ft = Eoεt (4.10a)  

forεt ≥ εcr :
ft

ftu
=

(
εcr

εt

)n

, (4.10b) 

where εt is the tensile strain at any point on the stress–strain strain 
curve (see Fig. 4.2), εcr is the cracking strain and n is a parameter which 
is used to calibrate the post-yield response of the stress–strain curve to fit 
experimental data. Typical range for n is 0.4 – 1.5 [47]. In this study, n =
0.4 was adopted. The maximum tensile strength (ft) of 3.45 MPa was 
obtained from the split-tensile strength test carried out on the 
100∅x200mm plain concrete cylinder samples and has been used to 
generate the stress–strain data of the concrete in tension (see Table 4.1). 

For both compression and tension, post-peak stress damage was 
defined using Eq. (4.6) and (4.12), respectively. The tension damage 
parameter has the range 0 < dt < 1 where 0 represents undamaged state 
while 1 represents complete destruction in tension. Fig. 4.3a and 4.3b 

Strain t

St
re

ss
 (f

t

Fig. 4.2. Simplified analytical stress–strain curve for concrete under uniaxial 
compression. 

d c

d t

Fig. 4.3. Damage curves for the concrete.  
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show the damage curves for the data input in ABAQUS. 
Similar to the compression response, the uniaxial tension response of 

concrete with respect to the CDP model is given as: 

ft =
εt − εin

1 − dt
E (4.11)  

ftu =
ft

(1 − dt)
= Eo

(
εt − εin) (4.12) 

The uniaxial compression and tension data entered into ABAQUS is 
the compressive/tensile stress versus inelastic strain data: i.e fc – εc

in and ft 
– εt

in curves. Inelastic strain is the difference between maximum elastic 
strain and the total strain for each regime. In other words, the stress–-
strain data fed into ABAQUS are the “fc versus (εcu − εel

o ) and ft versus 
(εt − εel

ot)” curves for the compressive and tensile material properties 
respectively. ABAQUS software calculates the plastic strain (εpl) using 
Eq. (4.13): 

εpl = εin −
dt

1 − dt
, (4.13) 

where d and f are the respective damage parameter and stress 
respectively. It is important to check that the plastic strain is positive 
and ascending in magnitude in both damage regimes. In the case that it 
is negative or descending in magnitude, it would be impossible to 
calculate the damage in the material. The implication is that the 
unloading path intersects with the loading path and hence damage does 
not exist [48]. 

Table 4.1 show the stress–strain and damage input data for concrete 
in compression and tension in ABAQUS. 

4.1.2.1. Parameters and solution procedure. CDP requires some physical 
parameters for defining material behaviour. These include eccentricity 
(Є), dilation angle (ψ), and stiffness recovery factor. 

Eccentricity (Є) is set to a default value of 0.1 which implies that ψ is 
the same for a wide range of confining pressures [45]. Another param-
eter governing the CDP behaviour of concrete is fbo/fco which is the ratio 
of concrete strength in biaxial compression (fbo) to its strength in uni-
axial compression (fco). Recommendation for fbo/fco is given in the study 
of Kupler such that fb0 ¼ 1.16248 fco [49]. ABAQUS uses a default value 
of 1.16 which has been employed in this study. 

Dilation angle (ψ) is interpreted as the internal friction angle of 
concrete which is reported to be between 200 and 400 [45]. Technically, 
it is the angle subtended by the failure surface with the hydrostatic axis 
and measured in the meridional plane. Accurate prediction of post- 
cracking behaviour of concrete requires combined tension and shear 
experiments which are difficult to carry out. In the absence of such data, 
it can be assumed that the shear retention factor goes linearly to zero at 
the same crack opening strain adopted for tension stiffening [50]. A ψ 
value of 350 has been adopted in this study. 

Stiffness recovery is expressed in the percentage of the undamaged 
stiffness and is more useful for cyclic loading [51]. It is assumed that 
compressive stiffness is fully recovered upon crack closure as the loading 
changes from tension to compression. Contrarily, tensile stiffness is lost 
as the load changes from compression to tension. Hence a default value 
of compressive stiffness reduction factor of 1 is assumed while tensile 
stiffness reduction factor is 0. Furthermore, a zero-tension stiffness re-
covery implies that material tangential to the tension plane is affected by 
the damages in compression. 

Material properties and parameters of concrete used in the model are 
shown in Table 4.2. 

Concrete was discretized using 8-noded-brick elements with reduced 
integration (CD8R). The calibration of the concrete models was per-
formed using the Static, General (Full Newton) procedure while the 
tendon reinforced concrete models were analysed using quasi-static 
(dynamic, explicit) procedure. Dynamic Explicit was chosen for the 
modelling of the clamp-enhanced tendon reinforced concrete due to the 
complexity of the contact definitions which are difficult to simulate 
using static analysis procedure. The quasi-static approach is also more 
efficient in calculating deformation because it performs direct- 
integration using the central-difference operator to match in pseudo- 
time. Hence care should be taken concerning inertial effects that could 
lead to unstable material behaviour. However, unstable responses can be 
reduced by reducing the loading rate or by increasing the mass density 

Table 4.1 
Stress–strain and damage data input in ABAQUS for concrete.  

Compression  Tension 

Compressive 
stress fc 
(MPa)  

Inelastic 
strain 
εin(Eq. (4.4)) 

Damage 
parameter 
dc 

(Eq.  
(4.6)) 

Tensile 
stress fc 
(MPa)  

Inelastic 
strain 
εin

t 

Damage 
parameter 
dt   

18 0 0  3.45 0 0 
22 0.00013905 0  1.8 0.000456 0.478 
26 0.000294623 0  0.7 0.001181 0.797 
28 0.000380814 0  0.4 0.001762 0.884 
30 0.000474542 0  0.3 0.002477 0.913 
32 0.000578215 0    
34 0.000695889 0    
36 0.000835469 0    
38 0.001017379 0    
40 0.00145654 0    
39 0.001629207 0.025    
38 0.001801874 0.05    
34 0.00249254 0.15    
30 0.003183207 0.25    
26 0.003873874 0.35    
22 0.004564549 0.45    
18 0.005255216 0.55    
14 0.005945874 0.65    
10 0.00663654 0.75     

Table 4.2 
Material properties of concrete.  

Property Value Reference 

Density 2340 kg/m3 This study 
Young’s Modulus E 35.5 GPa [36] 
Poisson ratio 0.15  
[52]   
Dilation angle ψ 35  
Eccentricity Є 0.1  
fbo /fco 1.16  
K 0.67  
Viscosity Parameter 0   

Fig. 4.4. Comparison of damage (crack) of plain concrete between FE-model 
and experimental sample. 
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[53]. 
For the static analysis of the plain concrete samples, the time-period 

was set to 0.001, the maximum number of increments to 10,000 and the 
minimum set to 1E-50. ABAQUS requires that the first pair of data for 
both compression and tension correspond to the onset of inelastic 
behaviour by the material. Displacement control strategy was employed 
by applying a known displacement to the point of application of the load 
in the model. Fig. 4.4 shows good agreement in crack patterns between 
experiments and finite element model of the plain concrete. Hence the 
selected CDP parameters are adequate for the material definition of 
plain concrete and were employed in the modelling of the tendon- 
reinforced concrete. 

4.2. Modelling of OPBF tendons 

4.2.1. Behaviour of OPBF in tension 
The uniaxial stress–strain relationship for OPBF tendons derived 

from experiments was then used as input in ABAQUS. This was achieved 
by using simplified stress–strain relationship to formulate the constitu-
tive equations. It is shown that the stress–strain relationship of OPBF 
tendons is characterised by three regimes: the ascending (elastic) part, 
the inelastic part, and the descending part as illustrated in Fig. 4.5. 

Using the concept of CDP, the uniaxial stress–strain relationship of 
the tendons can be defined by Eqs 4.14–4.16: 

for0 < ε < ε′

oT : ff = Eof ε (4.14)  

ε′

oT < ε < εT : ff = αε2 + βε+ γ (4.15)  

εT < ε < εTu : ff = λ1ε+ λ2 (4.16) 

where ffT is the maximum uniaxial tensile strength, εT is the corre-
sponding strain and α, β, γ, λ1 and. 

λ2 are constants. The inelastic strain εT
in is defined as the strain 

beyond which the tendon changes from elastic response to inelastic 
response. Experimental data show that the onset of inelastic strain is at 
about 25% of the maximum tensile strength (ffT). The total strain tensor 
εTf is the sum of the elastic strain εel

of and the inelastic strain εf 
in as 

defined in Eq. (4.17): 

εTf = εel
of + εin

f (4.17)  

εel
of =

ff

Eof
(4.18) 

which could be re-written as. 

ff = Eof
(
εTu − εin

T

)
(4.19) 

Such that a tension damage parameter dTf, defines stiffness degra-
dation as: 

E =
(
1 − dTf

)
Eof (4.20) 

where Eof and Ef are the undamaged elastic stiffness and the post- 

Fig. 4.5. Simplified tensile stress–strain curve for OPBF tendons enhanced with 
steel clamps. 

Tc 

oc c

oc c
in 

f

f c

Fig. 4.6. Simplified compressive stress–strain curve for OPBF tendons enhanced with steel clamps.  
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elastic stiffness of the OPBF tendon respectively. 
Similar to the modelling approach for concrete, a simplified rela-

tionship between stress at any given point (ff) beyond the maximum 
stress (ffT) and damage parameter (dTf) is therefore given as: 

dTf = 1 −
ff

ffT
(4.21) 

And the plastic strain is calculated using Eq. (4.22): 

εT
pl = εin −

dTf

1 − dTf

(
ff

Eof

)

(4.22)  

4.2.2. Behaviour of OPBF in compression 
For modelling, the stress – strain relationship of OPBF tendons in 

compression was simplified into two regimes: the ascending (elastic) 
part and the descending/strain hardening (damage) part (see Fig. 4.6). 
The uniaxial compressive stress–strain relationship of the tendons can be 
defined by Eqs (4.23) and (4.24): 

for0 < ε < ε′

oc : ffc = Eof ε (4.23)  

ε′

oT < ε < εcT : ffc = αcεβc (4.24) 

Like the OPBF tendon in tension, the inelastic strain εc
in is defined as 

the strain beyond which the tendon changes from elastic response to 
inelastic response under compression. Experimental data show that the 
onset of inelastic strain is at compressive strength (ffc) of about 20 MPa 
for the 45 mm spaced clamps and between 4.8 and 7 MPa for the 85 mm 
spaced clamps. However, for a tendon in concrete, the surrounding 
concrete would provide confinement such that the confined compressive 
strength of the tendons would be higher. The total strain tensor εcT is the 
sum of the elastic strain εel

oc and the inelastic strain εc
in as defined in Eq. 

(4.25) (and shown in Fig. 4.6): 

εcT = εel
oc + εin

c (4.25)  

εel
oc =

fcT

Eof
(4.26) 

which could be re-written as: 

f = Eof
(
εcT − εin

c

)
(4.27) 

Such that a compressive damage parameter dTc, defines stiffness 
degradation as: 

Efc = (1 − dcT)Eof (4.28) 

where Eof and Efc are the undamaged elastic stiffness and the post- 
elastic stiffness of the OPBF tendon in compression respectively. 

Similar to the modelling approach for concrete, a simplified rela-
tionship between stress at any given point (ff) beyond the maximum 
stress (ffc) and damage parameter (dcT) is therefore given as: 

dcT = 1 −
ff

ffc
(4.29) 

Similarly, the plastic strain is calculated using Eq. (4.30): 

εpl = εin −
dcT

1 − dcT

(
ff

Eof

)

(4.30) 

The OPBF tendon reinforcement was also modelled using CD8R 
deformable homogeneous elements. Interaction between the concrete 
reinforcement was defined as surface-to-surface contact while the 
interaction property was defined as cohesive. Material parameters and 
stress–strain data in tension and compression for the tendons used as 
input in ABAQUS for the model are shown in Table 4.3 and Table 4.4 
respectively. For the purpose of simplicity in modelling, the same CDP 
parameters used for the concrete were used since the OPBF would be 
fully confined in the concrete. For the 20 MPa compressive strength 
derived from the experiment, however, the finite element solution 
procedure of the tendon-reinforced concrete runs into error since the 
rate of deformation exceeds the rate of propagation of the stress waves in 
the OPBF elements. Although the actual value of the increase in 
compressive strength (and by implication the dilation angle) due to the 
confinement is difficult to determine, it was found that a range of 

Table 4.3 
CDP material parameters for OPBF tendons.  

Property Value Reference 

Density 840 kg/m3 [24] 
Young’s Modulus EoT 26.6GPa This study 
Poisson ratio 0.4 This study 
Dilation angle ψ 350 [52] 
Eccentricity Є 0.1 [52] 
fbo/fco 1.16 [52] 
K 0.67 [52] 
α − 1.9 × 105 This study 
β 1.2 × 104 This study 
γ 34.47 This study 
αc 0.0938 This study 
βc − 1.064 This study 
λ1 − 2.5 × 104 This study 
λ2 698.87 This study  

Table 4.4 
Stress–strain data in tension and compression for OPBF tendons.  

Tension Compression 
Stress 
MPa 

Inelastic 
strain  

Damage Stress 
MPa 

Inelastic 
strain 

Damage 

65 0 0 65 0 0 
70 0.000433 0 50 0.000188 0.230769 
75 0.000924 0 40 0.000752 0.384615 
80 0.001422 0 30 0.001881 0.538462 
85 0.001928 0 20 0.003573 0.692308 
90 0.002442 0 10 0.01072 0.846154 
95 0.002966 0    
100 0.003498 0    
105 0.004041 0    
110 0.004593 0    
115 0.005157 0    
120 0.005733 0    
125 0.00632 0    
130 0.006922 0    
135 0.007537 0    
140 0.008168 0    
145 0.008815 0    
150 0.00948 0    
155 0.010164 0    
160 0.01087 0    
165 0.011599 0    
170 0.012354 0    
175 0.013137 0    
180 0.013953 0    
185 0.014805 0    
190 0.0157 0    
195 0.016644 0    
200 0.017645 0    
180 0.0185 0.1    
170 0.019 0.15    
160 0.0195 0.2    
150 0.02 0.25    
140 0.0205 0.3    
130 0.021 0.35    
120 0.0215 0.4    
110 0.022 0.45    
100 0.0225 0.5    
90 0.023 0.55    
80 0.0235 0.6    
70 0.024 0.65    
60 0.0245 0.7    
50 0.025 0.75    
40 0.0255 0.8    
30 0.026 0.85     
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28–50% of compressive-to-tensile strength ratio sufficed. Hence 65 MPa 
compressive strength was used for the OPBF confined in concrete for this 
study. 

4.3. Finite element modelling of bond pull-out 

The bond between OPBF and concrete was modelled in ABAQUS 
using surface-based cohesive contact modelling. Factors which informed 
the use of this approach include the relatively weak interface between 
the OPBF and the concrete as compared to their individual material 
properties and the negligible thickness of the interface. Furthermore, the 
selected approach requires no need for defining an initial crack to 
simulate the progression of damage like in classical fracture mechanics 
[54 55]. Cohesive contact modelling possesses reduced mesh sensitivity 
and does not depend on the mass of the two surfaces in contact, hence 
reducing computational efforts [56]. The appropriateness of surface- 
based cohesive contact modelling for simulating bond pull-out behav-
iour of cementitious composites [57 58], and flexural behaviour of 
reinforced concrete [35 53 59] is well established. 

Concrete, OPBF-tendons, and hose clamps were modelled using 
eight-node linear brick elements with reduced integration (C3D8R). A 
circular cross-section was assumed for the OPBF-tendons while the 
clamps were simplified to circular rings with rectangular projection (see 
Fig. 4.7). All other dimensions in the models are consistent with the 
physical dimensions from the experiments. Hard contact was defined in 
the normal direction between the tendons and the clamps to avoid 
surface penetration problems in the model. Each concrete block was 
modelled with a hole whose diameter is the same as that of the tendon to 
be inserted. The tendon was inserted to the 80 mm embedded length. 
The hole in the concrete model was assigned as the master surface while 
the surface of the tendon was assigned the slave surface. The clamps 
were then constrained as an embedded region with the concrete as the 
host region. The boundary conditions include applying an “encastre” 
over the concrete and applying a displacement of 25 mm (out of and 

normal to the concrete) onto the end of the tendon. 
The 25 mm pull-out distance is consistent with the pull-out distance 

in the experiment. A mesh size of 10 mm, 5 mm and 2.5 mm was used for 
the concrete, tendon and clamp respectively. A detailed theory 
explaining the constitutive relationship of the contact between OPBF, 
and concrete can be found in an earlier study by the authors [24]. 

Fig. 4.7 reveals that the stress in the concrete as a result of tendon 
pull-out was minimum. This corroborates the experimental observation 
that the tendons pull out of the concrete without visible damage to the 
concrete. Two models were developed and analysed to describe the 
average bond response of single embedded and double embedded 
clamps in the concrete. The bilinear response is plotted on the respective 
experimental bond pull-out envelops in Fig. 4.8a and 4.8b. The envelops 

Fig. 4.7. Stress distribution in bond pull-out model (a) bond pull out model (b) 
cut-through section of model (c) OPBF tendon fitted with clamp (d) clamp. 

Fig. 4.8a. Bond pull-out envelop for 2 embedded clamps with finite 
element solution. 

Fig. 4.8b. Bond pull-out envelop for 1 embedded clamp with finite 
element solution. 

Fig. 4.9. Comparison between the experimental flexural response of the OPBF 
tendon reinforced beams and the 3D FE-models. 
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are the boundaries of the bond pull-out curves of Fig. 3.3. The cohesive 
surface modelling is therefore also applied in simulating the flexural 
behaviour of the OPBF-tendon reinforced concrete. 

4.4. Modelling of OPBF tendon reinforced concrete 

The OPBF tendon reinforcement was also modelled using C3D8R 
deformable homogeneous elements. Interaction between the concrete 
reinforcement was defined as surface-to-surface contact while the 
interaction property between them was defined as cohesive. Refer to 
Tables 4.4 for material properties of the tendons used in the model. The 
hose clamps were modelled as a perfectly plastic mild steel with a yield 
strength of 350 MPa and a modulus of elasticity of 200GPa. Due to the 
torque applied by the hose clamps onto the tendons, it is assumed that 
the relative slip between clamp and tendon is negligible. Hence a “tie” 
constraint was defined between the clamps and tendons, while cohesive 
surface modelling was used to define the interaction between the ten-
dons and the concrete. ABAQUS approximates the relationship between 
cohesive stiffness in the normal direction (knn) and in the shear (kss) and 
tangential (ktt) directions as shown in Eqs (4.31) – (4.32) [53]: 

knn = 100ktt = 100kss (4.31)  

kss = ktt =
σmax

δ
, (4.32) 

where σmax is bond strength between tendon and host matrix and δ is 
the slip at maximum bond stress. 

Fig. 4.9 presents a comparison between the experimental flexural 
response of the OPBF-tendon reinforced beams with the 3D FE-models. 
There is good agreement between the force–deflection curves of the 
experiments and the FE models. The tensile damage pattern of the FE- 
models also shows good agreement with the crack pattern of the 
experimental samples (see Fig. 4.10). Table 4.5 presents a comparison 
between the experimental flexural responses and the finite element 
models in terms of ultimate and serviceability limit states of strength and 
deflection, respectively. 

The difference between the experimental and finite element flexural 
capacity of the 040F-45 s-28d and 080F-45 s-28d samples at service-
ability limit state seems to be quite high. This is due to the inherent 
variability in properties of natural fibres even of the same species which 
is a major concern when dealing with natural fibres. This is due to the 
functional grading of plant tissues to resist environmental forces such as 
wind. These variations in physical and mechanical properties exists even 
among fibres from the same oil palm species [23 60]. Therefore, 
modelling the behaviour of this type of material already presents several 
challenges. Furthermore, deflections at peak stress for the finite element 
models are slightly higher than that of the experimental samples. This 
may be due to the selection of a high dilation angle for the OPBF which 
assumed that the OPBF reinforcement are highly confined in the con-
crete and hence delaying the damage regime of the reinforcement. There 
could also be other reasons such as the simplification of the bond 
behaviour between the OPBF reinforcement and concrete to a bilinear 
regime (shown in Fig. 4.8(a) and 4.8 (b)). An in-depth investigation into 
these finite element parameters is however outside the scope of this 
study and has been noted for further investigation. Nevertheless, there is 
a good agreement in the values of maximum flexural capacities and that 
indicates that the experimental results support the findings of the FE- 
models. 

5. Conclusions 

This study focused on assessing the behaviour of OPBF-tendon 
reinforced concrete. Although only little is known about the prospects 
of OPBF as longitudinal reinforcement for structural members, the study 
has attempted to assess bond pull-out strength and flexural capacities of 
concrete reinforced with the natural fibres in the form of tendons 
actualised by hose clamps. Finite element modelling has also been car-
ried out. Consequently, the following key findings are highlighted:  

• A beam section reinforcement ratio of 3.49% OPBF tendon gives a 
commensurate performance to 0.56% of steel in terms of flexural 
capacity at 28 days, 

Fig. 4.10. (a) Flexural sample after test (b) Tensile damage in FE-model of 
concrete (c) Tensile damage in FE-model of OPBF tendon. 

Table 4.5 
Comparison between flexural capacities between experimental and finite element models.    

Sample ID 

Maximum Flexural Capacity  
(kN) 
(Ultimate Limit State)   % Difference 

(Ultimate Limit State)  

Flexural Capacity 
(Serviceability Limit State)   % Difference 

(Serviceability 
Limit State 
i.e., at 1.8 mm deflection)  

Experiment 
Finite Element Model  

Experiment 
Finite Element Model 

Control  7.085  6.960  1.8 NA NA NA 
040F-45 s-28d   

14.60   15.37   5.3  14.03  13.80  1.6 
040F-85 s-28d   

14.34   14.26   0.6  13.40  13.00  3.0 
080F-45 s-28d   

33.10   31.93   3.5   27.60  23.47  15.0 

080F-85 s-28d   
27.95   27.10   3.0  26.47  24.42  7.7 

120F-45 s-28d   
40.20   37.56   6.6  30.07  29.48  2.0 

120F-85 s-28d   
32.50   36.40   12.0  28.35  28.62  1.0  
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• Bond strength of up to 1.6 MPa was achieved at 28 days, with 
average reductions in bond strength of 14% and 27% recorded at 56 
days and 112 days respectively,  

• Reduction in bond strength is responsible for the reduction in the 
flexural capacity of the OPBF-tendon reinforced concrete and this is 
due to the alkali deterioration of the tendon surface/concrete 
interface.  

• A minimum reinforcement ratio of 2.33 is recommended for OPBF 
tendon reinforced concrete,  

• OPBF-tendon reinforced concrete can be modelled using the concrete 
damage plasticity approach and the interaction between concrete 
and OPBF tendons can be accurately predicted using cohesive con-
tact modelling,  

• OPBF-tendon reinforced concrete can be used for light structural 
members such as lintels in residential housing.  

• Surface treatment by adhesive coating is recommended for OPBF to 
preserve the concrete/reinforcement interface and maintain bond 
strength,  

• Finally, the excessive deflection of OPBF tendon reinforced concrete 
indicates stringent serviceability requirements in the design of flex-
ural elements. 
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