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ABSTRACT 
 
The paper presents the results of investigation on reinforced beams adopting eco-friendly materials 
for sustainable concrete. The use of African fan palm is explored to mitigate the environmental 
impact aimed at reducing carbon emissions associated with the production and use of steel 
reinforcement.  The beams were tested under a four -point loading system with the ends simply 
supported. The test comprised twenty-three beams that were reinforced with African fan palm bars 
whilst two beams were reinforced with mild steel bars to serve as control beams. The study 
investigated the flexural strength and deformation characteristics of the beams under monotonic 
loading.  Two concrete strengths of 15.34N/mm2 or 22.37N/mm2 were adopted and proposed 
optimal tensile ratios for an under reinforced fan palm section. The parameters considered included 
the tension bars ratio (ρ), concrete compressive strength, span-to-effective-depth ratio and loading 
conditions. A linear elastic behaviour of both fan palm and steel reinforced concrete beams was 
observed to the point of first crack load beyond which the beam stiffness continued to reduce until 
failure.  A comparison of the experimental results with results of theoretical analysis of the beams 
revealed that a 1.22% increase in the tensile ratio of steel in the control beams increased the 
cracking moment (Mcr) to 36%, while the fan palm beam of the same size and same concrete 
strength with a higher tensile ratio of 9.69% exhibited a lower Mcr of 11.86%. This shows a 
significant effect of reinforcing steel bars on concrete cracking compared to the fan palm. The 
averages of experimental to theoretical failure loads of fan palm to steel were compared with failure 
loads of 36.52kN to 20.19kN and 32kN to 19.78kN respectively. These results of the study based 
on the failure mode, and failure loads, highlights the suitability of using African fan palm as 
substitute reinforcing material for low rise buildings. Furthermore, the study also proposed minimum 
and maximum tensile ratio of 0.76% and 5.60% respectively for fan palm reinforced concrete beams 
based on the Indian Standard and modulus of elasticity of steel. 
 

 

Keywords: Fan palm reinforced beams; tensile ratio; modulus of elasticity. cracking load; failure load. 
 

1. INTRODUCTION 
 

In flexural structural concrete members, 
concrete’s inherent weakness in tension is 
counteracted by inclusion of reinforcing 
materials. While steel bars as conventional 
reinforcement contribute significantly to structural 
integrity in balancing tension and compression 
loads [1], they also pose environmental 
challenges. Empirical evidence has pointed to 
the fact that the use of reinforcing steel bars is a 
contributing factor towards global carbon 
emissions due to the high demand of energy for 
the production of steel. The steel industry 
accounted for approximately 7-9% of global CO2 
emissions [2]. In addition to CO2 emissions, steel 
production consumes large amounts of water 
estimated as 34,000 gallons of water per ton of 
steel through the extraction and processing of 
iron ore, leading to concerns about water scarcity 
[3]. While steel is recyclable and saves up to 
approximately 80% of energy required for the 
production of new steel, a significant portion still 
ends up in landfills, contributing to environmental 
degradation [4]. Furthermore, the durability of 
steel reinforcement in concrete structures is 
endangered by environmental factors such as 
corrosion [5,6,7]. Corrosion of steel rebars is a 
major concern in standard design and 

construction, particularly in coastal areas where 
exposure to saltwater accelerates the process. 
This not only compromises the structural integrity 
of buildings and other infrastructural components 
but also necessitates costly repairs and 
replacements, further increasing the 
environmental burden. These rendered the need 
to explore and adopt suitable alternative 
reinforcing materials. 
 
The use and adoption of natural and eco-friendly 
reinforcement materials as substitutes for steel 
depend on their availability, technological 
advancements, preferences and most 
importantly, environmental considerations. 
According to Muteb and Hassan [8], 
incorporating local materials is vital towards 
sustainable development in the quest to meet the 
Sustainable Development Goals (SDG) targets of 
reducing carbon footprint [9]. Sustainable eco-
friendly materials minimize environmental impact 
and present a promising alternative to traditional 
synthetic reinforcements such as glass and 
carbon fibers, which are often associated with 
significant environmental impacts during their 
production and disposal [10]. Furthermore, 
natural reinforcing materials are renewable, 
biodegradable and mostly locally sourced, thus 
reducing associated cost of production and 
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transportation [11]. Natural reinforcement 
materials primarily originate from plant-based 
sources such as flax, hemp, jute, sisal, African 
fan palm, bamboo raffia and babadua. Moreover, 
natural fibers often provide additional benefits, 
such as local economic development and 
support for rural communities and can be 
cultivated and processed. Hemp and Sisal offer 
good tensile strength properties as well as the 
latter’s durability and resistance to moisture 
penetration [12,13]. Other natural materials such 
as flax [14], coconut fiber (Coir) [15], jute [16] 
and wood fibers [17] are used as natural 
reinforcement materials that are less harmful to 
the environment. Woody materials such as 
bamboo have proven to have a high tensile 
strength, though they require treatment for 
moisture resistance and wood boring insects and 
fungal attack [18,19,20]. Moreover, concerns 
have been raised towards limitations with the use 
of bamboo as reinforcement with regard to its low 
ductility, durability, low bond to concrete and 
service life span [21,22]. Raffia palm and 
babadua were found to exhibit good tensile 
strength and ductility properties as reinforcing 
bars in structural concrete members [23,24,25]. 
Babadua reinforced concrete beams possessed 
high stiffness qualities for both pre and post 
cracking stages as well as good span-to-effective 
depth ratios [24].   

 
In reinforced concrete design, mechanical 
properties such as tensile strength, compressive 
strength, modulus of rupture and modulus of 
elasticity and compression are important factors 
to consider when designing for serviceability limit 
state [26]. Several research works conducted on 
the mechanical characteristics of the African fan 
palm reported significance progress on strength 
properties such as modulus of rupture, 
compression and modulus of elasticity 
[27,28,29,30,31]. Audu and Raheem [32] and 
Audu and Oseni [33] investigated the crack 
parameters and patterns in concrete slabs 
reinforced with fan palm and subjected to 
sustained loads.  The authors observed lower 
theoretical yield loads to experimental yielding 
loads ratios, which is a good indication on 
designing for serviceability limit state. 
Furthermore, they reported that increasing 
applied load led to increased number of cracks. 
Correal [34] found the average tensile modulus 
of elasticity of bamboo (Guadua angustifolia 
bamboo) to be around 20GPa as compared to 
200GPa for steel giving a modular ratio of 10% 
bamboo to steel. Kaminski et al. [35] proposed a 
tensile modulus of elasticity of bamboo to be 

between 7.5GPa and 13GPa at 12% moisture 
content to give a modular ratio (steel to bamboo) 
between 27 and 15.38 for use in design.  Pam et 
al. [36], investigated the tensile strength of fan 
palm and noted that lower tensile value of 
reinforcement provides better warning with signs 
of ductility compared to higher tensile values 
which cause the concrete to crush without 
yielding. Fan palm being a natural and 
anisotropic material requires a higher safety 
factor against collapse when designing. Kankam 
and Odum-Ewuakye [24] and Jimoh and Adetifa 
[37] suggested a factor of safety of 2 to 3 using 
babadua and fan palm respectively. These 
factors of safety are to provide adequate margin 
of safety measures to avoid collapse in building 
[38,39]. Major collapses of buildings have been 
attributed to materials; Oloyede et al. [40] ranked 
causes of building failures in Nigeria as: (1) low 
quality building materials; (2) use of incompetent 
craftsmen, hence poor workmanship; (2) weak 
supervision; (4) poor building design and 
planning; (5) natural disaster and (6) soil type. 
This was also substantiated by Bikoko et al. [41] 
who ranked the use of poor-quality building 
materials as the most common cause of building 
failures. The use of African fan palm as 
substitute reinforcement is explored in this 
research with the main aim of examining its 
behaviour under load, and the possibility of 
proposing limits for an under reinforced concrete 
beam. 
 

2. MATERIALS AND METHODS  
 

The scope of the study covered flexural strength 
and deformation behaviour including cracking 
loads (Pcr), crack propagation, ultimate failure 
loads, deflections and mode of failures of these 
concrete reinforced members and propose 
optimal tensile ratios for an under reinforced fan 
palm section. 
 

2.1 Materials  
 

2.1.1 African Fan palm reinforcing bars 
(AFPR) 

 

AFPR bars formed the major (almost 93%) of the 
main reinforcing bars used in this study with the 
rest 7% comprising mild steel bars in the beams. 
The mild steel bars consisted of 12mm diameter 
longitudinal main bars and 4.86mm diameter 
shear stirrups, both having yield strength of 
250N/mm2. The AFPR materials were sourced 
mainly from fully grown African fan palm (AFP) 
trees. The bottom part approximately nine meters 
from the base of felled AFP trees were converted 
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into quadrants. These quadrants were cut into 
bars of 2000mm long and square cross-sections 
of marketable sizes of 12mm, 16mm, 20mm, 
25mm and rectangular sections of 25mm x 
35mm. The pieces were stacked carefully in a 
carpentry workshop to air-dry for a duration of 2 
months. Test specimens from the seasoned 
stack were weighed to determine the percentage 
moisture content that ranged from 11% - 13%. 
AFPR strips were then selected to ensure that 
brownish and closely dense and compacted fibre 
specimens were used for the test.  
 

2.1.2 Description of Beams 
 

Twenty-five (25) beams were cast into two 
different sizes of cross-sectional dimensions of 
120mm width x 180mm depth and 135mm width 
x 235mm depth respectively and both were 
2000mm length. The former had a percentage 
tension reinforcement range of 2.67 - 9.69 and 
the latter 2.78 - 6.31.  Fig. 1 (a) shows 
reinforcement cage comprising longitudinal 
reinforcing bars and shear stirrups for beams SB 
5, 6, 11, 12, 18, 19, 23 and 24 made out of 
12mm x 12mm fan palm, whilst Fig. 1 (b) 
consists of beams SB1-SB4, SB7-SB10, SB14-
SB17 and SB20-SB23 with longitudinal fan palm 
reinforcement and 4.86mm mild steel stirrups. 
The latter, SB14-SB25 were of beam size 
135mm wide x 235mm deep x 2000mm long with 
percentage tension reinforcement ranging from 
0.80 - 6.31. Equally, beams SB13 and SB25 
were made of 12mm steel reinforcement main 
bars and 4.86 mild steel stirrups. Two sets of 
stirrups spacing were adopted, 100mm and 
130mm centres as described in Table 1. The 
beams were simply supported and tested after 
28 days curing to determine the deflection and 
crack propagations and ultimate failure loads. 
The test beams were loaded using a UTS 
machine with a capacity of 2000kN. 
 

2.1.3 Concrete 
 

The concrete consisted of ordinary Portland 
cement (OPC), crushed granite as coarse 
aggregates of 10mm maximum size and natural 
pit sand. Two mix ratios were adopted to give 
two average strength grades as presented in 
Table 1. Also shown in the Table 1 is the splitting 
tensile strength of the concrete. 
 

2.2 Methods 
 

2.2.1 Tensile strength of fan palm 
 

Six (6) samples for the tensile strength of the        
fan palm reinforcing bars of square cross-

sectional areas of 12mm x 12mm and               
20mm x 20mm were randomly selected                
from the stack of seasoned fan palm bars            
and cut to lengths of 600mm [42]. These 
specimens were subjected to a computerized 
Universal Testing Machine (UTM) with a load 
capacity of 2000kN in accordance with                        
the BS EN 1008 (2002) [43]. The test specimens 
were gripped inside a 150mm long hollow               
metal bar at both ends using epoxy mixture                 
of resin and hardener and allowed to dry                      
for 24 hours. The epoxy resin had an excellent 
bond property with other materials when dried 
with less shrinkage. The glued metal bars 
enhanced the grip and prevented crushing of the 
fibres of the fan palm bars during the test 
process, thus eliminating the tendency of 
premature failure leading to incorrect results. An 
extensometer with a 50mm gauge length was 
attached to the test specimen gripped into the 
jaws of the UTM (Fig. 2a). The extensometer 
was then connected to the computer monitor and 
as load was applied, the latter automatically 
recorded the ultimate failure load and elongation 
as well as the stress versus strain curve and the 
Young’s modulus of elasticity of the test 
specimen. A plot of the tensile stress-strain curve 
in Fig. 2b shows linear relationship of the 
specimens with mean ultimate tensile failures 
and Young’s modulus of elasticity of 94.67N/mm2 
and 20kN/mm2 for the 20mm fan palm bars and 
84.33N/mm2 and 26.71kN/mm2 for the 12mm 
bars respectively [42]. Similar findings were 
reported by Samah et al. [27], Kone et al. [28] 
and Adedeji [44]. 
 
2.2.2 Testing of beams 
 
Control beams SB13 and SB25 were reinforced 
with 12mm mild steel bars and 4.86 mm              
stirrups. The remaining beams were reinforced 
with fan palm bars of varied tensile ratios                 
and with stirrups of either 4.86mm mild steel or 
12mm x 12mm fan palm stirrups to resist shear. 
The longitudinal reinforcing bars were cut to 
lengths of 1950mm with shear stirrups tied at 
75mm from the inner face of the form box on 
both ends. Fig. 3 shows a schematic diagram of 
the test beam. The beams were simply 
supported at their ends in a rigid steel frame as 
illustrated in Fig. 4. They were incrementally 
loaded by means of a hydraulic jack through a 
rigid steel beam load spreader at 2kN intervals. 
The beam deflections at mid-span were recorded 
using a digital dial gauge at every load 
increment. The beams were loaded 
monotonically to failure. 
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(a) Fan palm bars and stirrups   (b) Fan palm bars and steel stirrups 
 

Fig. 1. Skeletal framed beams 
 

Table 1. Description of beams 
 

Beam No. 
Group 1 

Beam 
cross 
section  

(B x D) 
(mm) 

Span-to-
effective 
depth 
ratio 

Stirrup 
type 

Stirrup 
spacing 
(mm) 

% tension 
rebar 

Total % 
rebar 

Concrete 
average 
strength 
(N/mm²) 

Split 
cylinder 
tensile 
strength 
(N/mm²) 

SB1 120 x 180 4.11 4.86 ss 100 4.22 6.92 15.34 2.22 

SB2 120 x 180 4.11 4.86 ss 130 4.22 6.92 15.34 2.22 

SB3 120 x 180 4.11 4.86 ss 100 4.22 8.44 15.34 2.22 

SB4 120 x 180 4.11 4.86 ss 130 4.22 8.44 15.34 2.22 

SB5** 120 x 180 4.11 12 fps 130 6.00 9.01 15.34 2.22 

SB6** 120 x 180 4.11 12 fps 100 4.22 8.44 15.34 2.22 

SB7 120 x 180 4.18 4.86 ss 100 6.70 9.44 22.37 1.83 

SB8 120 x 180 4.06 4.86 ss 130 2.67 5.33 22.37 1.83 

SB9 120 x 180 4.32 4.86 ss 100 9.69 14.12 22.37 1.83 

SB10 120 x 180 4.32 4.86 ss 130 9.69 14.12 22.37 1.83 

SB11** 120 x 180 4.32 12 fps 100 9.69 14.12 22.37 1.83 

SB12** 120 x 180 4.11 12 fps 100 4.22 6.92 22.37 1.83 

SB13* 120 x 180 4.22 4.86 ss 100 1.22 2.07 15.34 2.22 

Group 2         

SB14 135 x 235 3.09 4.86 ss 100 4.40 7.21 15.34 2.22 

SB15 135 x 235 3.09 4.86 ss 130 4.40 7.21 15.34 2.22 

SB16 135 x 235 3.16 4.86 ss 100 6.31 9.19 15.34 2.22 

SB17 135 x 235 3.16 4.86 ss 130 6.31 9.19 15.34 2.22 

SB18** 135 x 235 3.37 12 fps 130 5.04 7.00 15.34 2.22 

SB19** 135 x 235 3.05 12 fps 100 2.78 5.56 15.34 2.22 

SB20 135 x 235 3.09 4.86 ss 100 4.40 8.80 22.37 1.83 

SB21 135 x 235 3.16 4.86 ss 100 6.31 10.81 22.37 1.83 

SB22 135 x 235 3.16 4.86 ss 130 6.31 10.81 22.37 1.83 

SB23** 135 x 235 3.09 12 fps 100 4.40 7.21 22.37 1.83 

SB24** 135 x 235 3.16 12 fps 130 6.31 9.19 22.37 1.83 

SB25* 135 x 235 3.11 4.86 ss 100 0.80 1.60 22.37 1.83 
Key: SS – steel stirrups; fps – fan palm stirrups; ** fan palm rebars and stirrups; 

* Steel rebars and stirrups 
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       (a) Fan palm specimen          (b) Stress – strain curve of the 12mm and 20mm fan palm bars 
 

Fig. 2. Tensile strength of fan palm specimens of 12mm and 20mm [42] 
  

 
 

Fig. 3. Schematic diagram of beam test set-up 
 

 
 

Fig. 4. Beam simply supported on a rigid frame 
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3. THEORETICAL ANALYSIS 
 

3.1 Cracking Moments and Loads 
 
3.1.1 Cracking moments  
 
The first crack moment was estimated and 
computed from the split tensile strength of the 
concrete and the moment of inertia based on the 
assumption of elastic behaviour of the concrete 
beam at initially low applied loads prior to 
cracking. These two parameters are used on 
beams subjected to bending under relatively 
small loads and assuming elastic behaviour in 
the bending equation expressed as follows:  
 
𝑀𝑐𝑟

𝐼
=  

𝑓𝑡

𝑦
                                               . . . . . . . . . . . . . . 𝐸𝑞. 1 

 
where: 
 
Mcr = cracking moment of beam; ft = splitting 
tensile strength; I = second moment of area; y = 
distance from centre to extreme tension face 
(D/2); D = overall depth of beam. 
 
From equation 1, the second moment of area of 
a rectangular section is computed as in Eq. 2. 
 

𝐼 =
𝐵𝐷3

12
                                                 . . . . . . . . . . . . . . 𝐸𝑞. 2 

 
where:  
 
B = width of the beam. 
 
Hence from equations 1 and 2, the cracking 
moment of beam (Mcr): 
 

Mcr =
I𝑓𝑡

y
                                      . . . . . . . . . . . . . . . . . . . 𝐸𝑞. 3 

 
3.1.2 Cracking loads  
 
An analysis of simply supported fan palm 
reinforced concrete beam (typically beam 
specimen SB1 of cross-section 120mm x 180mm 
and loading span of 1800mm) loaded at two-
points as shown in Fig. 5 and ignoring the self-
weight of the beam, gives relationship between 
cracking moment and cracking load as 
expressed in Equation 4: 

 

𝑀𝑐𝑟 =
𝑃𝑐𝑟𝐿

2
                                                 . . . . . . . . . . . 𝐸𝑞. 4 

 
where: 
 
Mcr = cracking moment of the beam (kNm); Pcr = 
cracking load (kN); L = distance of support from 
the nearest point of load (0.7m) as in Fig. 5. 
 
Substituting to solve for Pcr gives Eq. 5: 
 

𝑃𝑐𝑟 =
2𝑀𝑐𝑟

L
                                                 . . . . . . . . . . . 𝐸𝑞. 5 

 

3.2 Analysis of Theoretical Failure Load 
 
Theoretical failure loads were assumed based on 
three possible scenarios, namely: 
  

(i) reinforcing bars in tension yielding or 
failing first 

(ii) concrete crushing first or beam failing 
first in compression 

(iii) shear failure of beam occurring first. 
  

 
 

Fig. 5. Simply supported fan palm reinforced beam loaded at two-points 
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3.2.1 Theoretical failure load on the 
assumption that the tension fan palm 
bars yield or fail first  

 

The moment of resistance (Mrs) of reinforced 
concrete beam on the assumption that the 
tension fan palm bars fail first is given by: 
 

Mrs = kfyAs0.775d                         …………. Eq.6a 
 

where k = 1/γm and γm is the partial factor of 
safety of reinforcing bar; fy = yield strength of 
tension bars; As = area of tension bars; d = 
effective depth. Fan pan is an anisotropic 
material and could exhibit different behaviour 
unlike steel which is homogenous and isotropic. 
Hence a partial factor of safety of 2.5 was 
assumed in the theoretical failure load to 
compensate for the imbalance when compared 
to reinforcing steel bar (γm = 1.15). Kankam and 
Odum-Ewuakye [25] and Jimoh and Adetifa [37] 
recommended a factor of safety of 2 and 3 
against collapse for babadua and fan palm, 
respectively. For the purpose of this study, an 
average factor of safety of 2.5 was used taking 
cue from the studies by Kankam and Odum-
Ewuakye [25] and Jimoh et al. [45]. Hence, 
equation 6a becomes:  
 
Mrs = 0.4fyp Asp 0.775d                         ……..Eq.6b 
 
where: 
 
fyp = tensile strength of fan palm; Asp = area of 
fan palm reinforcement in the tension zone. 
 
The ultimate moment (Multp) of the fan palm 
reinforced concrete beam loaded as shown in 
Fig. 5 is expressed in equation 7 as: 
 

𝑀𝑢𝑙𝑡𝑝 =
𝑃𝑢𝑙𝑡𝑝𝐿

2
                                     . . . . . . . . . . . . . . 𝐸𝑞. 7 

 
or 
 

𝑃𝑢𝑙𝑡𝑝 =
2𝑀𝑢𝑙𝑡𝑝

L
                                          . . . . . . . . . . . 𝐸𝑞. 8 

 
where: 
 
Multp = ultimate moment of beam based on failure 
of fan palm (kNm); Pultp = ultimate failure load of 
fan palm (kN); L = distance of support from the 
nearest point load (0.7m) as in Fig. 5. 
 
Hence the failure or collapse loads of the beams 
based on criterion 1 (that is fan palm yielding 
first) is expressed by equation 8. 

3.2.2 Theoretical failure load on the 
assumption that concrete crushes first 
(or beam first fails in compression) 

 
The moment of resistance of the reinforced 
concrete beam, based on the assumption                  
that the concrete crushes first in                
compression, including the resistance of the          
fan palm in compression zone is given in 
equation 9:  
 
Mrc = 0.156fcu bd2 + 0.4fypAsp(d-d’)     ……...Eq.9a 
 
In the case of beams reinforced with steel bars in 
both tension and compression, the equation is 
 
Mrc = 0.156fcu bd2 + 0.67fyAs(d-d’)      ……...Eq.9b 
 
where: 
 
Mrc = moment of resistance based on concrete 
failure in compression plus resistance of fan 
palm in compression; fcu = concrete compressive 
strength; b = width beam, d = effective depth of 
beam; d’ = depth of compression fan palm bar 
(i.e. inset of bar); fyp = compressive strength of 
fan palm bars and Asp = area of the fan palm 
bars in compression; As of steel stirrups; and fy = 
steel strength.  
 
Hence the ultimate failure load based on 
concrete crushing first is expressed in equation 
10 as:  
 

𝑃𝑢𝑙𝑡𝑝 =
2𝑀𝑐𝑟

L
                                            . . . . . . . . . . 𝐸𝑞. 10 

 
3.2.3 Theoretical failure load on the 

assumption that shear failure occurs 
first 

 
Generally, shear failure is a combination of the 
action of shear and normal stresses through the 
formation of diagonal cracks. The resultant 
failure is due mostly when shear stresses within 
the beam exceed the material’s shear capacity. 
Shear failure sometimes occurs with little 
warning and should be checked in ultimate limit 
state design. ACI Committee 318-14 [46], 
provides guidelines and formulas to ensure 
sufficient shear capacity. In accordance with BS 
8110-1 (1997) [47]; the shear failure load (Vr) 
including resistance of steel bars as stirrups in 
the beam is given as: 
 

𝑉𝑟 = 0.87
𝐴𝑠𝑣

𝑆𝑣

 𝑓𝑦𝑣 𝑑 + 𝑣𝑐bd                        … . . . Eq. 11a 
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where: 
 

Vr = shear failure load; vc = design concrete 
shear strength; fyv = yield strength steel stirrups 
in beam SB1; Asv = cross-section area of the 
links at the section of the neutral axis. 
 

Sv = spacing of the links along beam SB1; B = 
width of the beam; d = effective depth of beam.  
 

While adopting equation 11(a) for fan palm 
stirrups, equation 11(a) modifies to equation 
11(b) to give: 
 

𝑉𝑟 = 0.4
𝐴𝑠𝑣

𝑆𝑣

 𝑓𝑦𝑝 𝑑 + 𝑣𝑐bd                 … . . . . . . . . Eq. 11b 

 

where: 
 

fyp = strength of the fan palm stirrups. A factor of 
safety of γm = 2.5 is used.  
 

The value of Vc. is obtained British Standard (BS) 
8110-1-1997. 
 

Therefore, the maximum shear force on a simply 
supported beam loaded at third-points is given 
by: 
 

𝑉𝑟 =
𝑃𝑚𝑎𝑥

2
                                        . . . . . . . . . . . . . . . . 𝐸𝑞. 12 

 

or  
 

𝑃𝑚𝑎𝑥 = 2𝑉𝑟                                                . . . . . . . . . . 𝐸𝑞. 13 
 

3.2.4 Determining fan palm tensile ratio (ρ) of 
reinforcement in beams 

 

Standards and specifications are an important 
dimension in controlling homogeneousness of 
materials to guide end users. Codes of 
reinforcement for concrete offer insight into 
grades, sizes, tensile strength properties, 
compressive strength, yield strength for 
reinforced concrete structural work. Standards in 
Ghana relied on GS 788-2:2018 [48], the British 
Standard on BS 4449-2005 [49], American 
Standard on ASTM A615 [50] and the Indian 
Standard on ISO 6935-2:2019 [51,52] for 
designing reinforced concrete. The BS 8110 Part 
1:1997 together with the IS 456:2000 [53] 
outlined the minimum percentage limit for high 
yield and mild steel as 0.13HYS or 0.24MS 
respectively, and 4 as maximum limit for both. 
Based on these limits, the tensile strength 
behaviour of the African fan palm with a factor of 
safety of 2.5 was used to compute for the tensile 
limits of fan palm. Using IS 456:2000 [53], 
Clause 26.5.1.1 (a) and (b) gives the minimum 
tensile limits of steel ratios for the beam as: 

(𝐴𝑠𝑣)min. =
0.85𝑏𝐷

𝑓𝑦

                          . . . . . . . . . . . . . 𝐸𝑞. 14 

 
and the maximum area of tension reinforcement 
not to exceed: 

 
(Asv)max. = 0.04bD                     …………...Eq.15 

 
where: 

 
Asv = area of steel; b = width of the concrete 
beam; D = gross depth of the beam, fy = 
characteristic tensile strength of steel 
reinforcement. 

 
With fan palm substituted as reinforcements, and 
using a factor of safety of 2.5, the minimum and 
maximum tension reinforcement equations 
become:   

 

(𝜌)min. =
0.85𝑏𝐷

𝑓𝑦

 +   
0.4𝑏𝐷

𝑓𝑦𝑝

                . . . . . . . . . 𝐸𝑞. 16 

 
and 

 
(Asv)max. = 0.04bD + 0.4bD            ………. Eq.17 

 
Based on the Indian code, the limits that govern 
the adequacy of tension reinforcement when 
using fan palm are found to be 0.76% - 5.60%. 
Archila et al. [54] compared the design strengths 
of steel and bamboo, based on the nominal 
tensile capacity, and proposes for the use of 
more bamboo in tension zones. Pam et al. [36] 
and Archila et al. [54] also examined the 
contributions of tensile steel reinforced concrete 
with yielding and ductile failure manner (under 
reinforced) and tensile reinforced concrete with 
crushing and brittle failure effect (“over-
reinforced”) without yielding. The latter mode of 
failure and the risk of the loss of life, warrant 
designs to be under reinforced. Based on the 
observed experimental results and the Indian 
Code, the yielding failure mode of the beams are 
shown in Table 2. From Table 2, beam 
specimens SB5, SB7, SB9, SB10, SB11, SB16, 
SB17, SB21, SB22 and SB24 are all over 
reinforced. Amongst these specimens, SB9, 
SB10 and SB11 showed a 73% over reinforced 
beams followed by specimens SB7 with a 20% 
and SB16, SB17, SB21, SB22 and SB24 with a 
slightly 13% over reinforced sections. Beam SB5 
produced a 7% over reinforced section fan palm 
tension reinforcing bars, with all the remaining 
beams within the serviceability limit state of 
under reinforced sections. 
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Table 2. Proposed limits for fan palm reinforcing bars 
 

Beam 
ID 

Experimental 
failure load 
(kN) 

Theoretical 
failure load 
(kN) 

Designed of 
tension bar 
% 

Max. or 
tensile 
limit % 

Ratio of 
design and 
max % 
tensile limit  

Remarks 

SB1 32 10.26 4.22 5.60 0.75 Under reinforced 
SB2 30 10.26 4.22 5.60 0.75 Under reinforced 
SB3 32 10.26 4.22 5.60 0.75 Under reinforced 
SB4 36 10.26 4.22 5.60 0.75 Under reinforced 
SB5 26 12.17 6.00 5.60 1.07 *Under reinforced 
SB6 28 10.26 4.22 5.60 0.75 Under reinforced 
SB7 24 16.30 6.70 5.60 1.20 *Over reinforced 
SB8 16 6.86 2.67 5.60 0.48 Under reinforced 
SB9 24 22.09 9.69 5.60 1.73 *Over reinforced 
SB10 26 22.09 9.69 5.60 1.73 *Over reinforced 
SB11 26 22.09 9.69 5.60 1.73 *Over reinforced 
SB12 18 10.61 4.22 5.60 0.75 Under reinforced 
SB13 38 16.78 1.22 4.00 0.31 Under reinforced 
SB14 50 22.06 4.40 5.60 0.79 Under reinforced 
SB15 74 22.06 4.40 5.60 0.79 Under reinforced 
SB16 48 30.15 6.31 5.60 1.13 *Over reinforced 
SB17 54 30.15 6.31 5.60 1.13 *Over reinforced 
SB18 36 21.23 5.04 5.60 0.90 Under reinforced 
SB19 22 14.29 2.78 5.60 0.50 Under reinforced 
SB20 40 22.06 4.40 5.60 0.79 Under reinforced 
SB21 38 30.15 6.31 5.60 1.13 *Over reinforced 
SB22 40 30.15 6.31 5.60 1.13 *Over reinforced 
SB23 34 22.06 4.40 5.60 0.79 Under reinforced 
SB24 32 30.15 6.31 5.60 1.13 *Over reinforced 
SB25 26 22.77 0.80 4.00 0.20 Under reinforced 

 

4. TEST RESULTS 
 

4.1 Load-Deflection Curves 
 
The main objective of the study was to 
investigate the behaviour of concrete beams 
reinforced with African fan palm bars to 
determine and predict an under-reinforced 
tension reinforcement for the structural members. 
Other important parameters observed were the 
failure mode and crack propagation.  The load-
deflection responses of the twenty-five simply 
supported beams loaded to failure are presented 
in Fig. 6. These beams were incrementally 
loaded at intervals of 2kN using the flexural 
tensile testing machine. With the aid of an 
attached digital dial gauge, the beam central 
deflections were recorded and plotted at each 
load increment.  
 
Fig. 6 illustrates the load-deflection curves of 
monotonically loaded beams of similar tensile 
reinforcement ratio to failure. These beams were 
loaded incrementally at intervals of 2kN using a 

UTM. The beams initially showed an 
approximately linear relationship of the load-
deflection response up to initial cracking. Upon 
continued increase of the load, the number of 
flexural cracks also increased with an observed 
change of slope of the load-deflection curves 
until the bars yielded and failed. Beams SB1 – 
SB6 with similar properties of span-to-effective 
depth ratio of 4.11 and the same percentage 
tensile reinforcement of 4.22, except SB5 with 
tensile reinforcement of 6%, exhibited the same 
pattern of behaviour. Specimen SB5 was the 
least deflected beam (4.34mm) among this 
category of beams. Both beam specimens SB5 
and SB6 had full fan palm longitudinal tension 
bars and shear stirrups, but SB6 which was 
under-reinforced deflected three (3) times more 
than beam SB5 which was over-reinforced. This 
may be attributed to the fact that SB5 had twice 
tensile reinforcement of 16mm bars (6% 
reinforcement) with a 20mm spaced gap, thus 
restricting bending deflection due to increased 
rigidity. Beams SB9, SB10 and SB11 which were 
over-reinforced with 9.69% tension bars and 
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SB12 with 4.22% tension bars (under-
reinforced), produced deflections of 21.27mm, 
22.67mm, 18.69mm and 18.63mm respectively. 
Specimens SB11 and SB 12 in the second 
category of beams deflected the least and is 
attributed to the fan palm shear reinforcement 
(stirrups).  The load-deformation behaviour of fan 
palm shows abrupt failure at ultimate load either 
through the failure of the fan palm reinforcement 
or the crushing of the concrete or through 
diagonal shearing. Among these loaded beams, 
SB13 and SB26 which were mild steel 
reinforced, showed larger deflections of 

23.03mm and 15.23mm respectively. The fan 
palm reinforced beams, SB19 with a 2.78% 
tensile reinforcement and a span-to-effective 
depth ratio (a/d) of 3.05 deflected more by 
11.24% compared to SB18 with a greater tension 
reinforcement of 5.04% and a/d ratio of 3.37. For 
the category of SB22 to SB25, it was observed 
that the deflections increased as the span-to-
effective depth ratio (a/d) ratio increased. The 
opposite was however, observed with the same 
category of beams that the shear strength 
decreased as span-to-effective depth ratio 
increased.
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Fig. 6. Load-deflection curves 
 

4.2 Cracking Loads of Beams 
 
The presence of numerous closely-spaced 
cracks formed during loading of beams indicated 
good bond between concrete and fan palm bars 
(Fig. 7). Table 3 presents a comparison of the 
theoretical and experimental results of the 
cracking loads of all beams tested. The 
experimental cracking loads (Pcr) were all lower 
than those of the theoretical cracking loads (P’cr). 
The ratio of theoretical cracking loads to the 
experimental cracking loads averaged 1.19 and 
1.40 for the 120mm x 180mm and 135mm x 
235mm specimens, respectively. The ratio of 

theoretical cracking loads to experimental 
cracking loads of specimens SB1-6 increased by 
10.71%. A significant percentage increase was 
observed on the average ratio of theoretical 
cracking loads to experimental cracking loads of 
SB14 and SB15 giving an average of 44% 
increase.  
 

4.3 Failure Loads of Beams 
 
The experimental and theoretical failure loads of 
all specimens are presented in Table 3. Except 
for beams SB13 and SB25 which were reinforced 
with steel, all the other specimens were 
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reinforced with fan palm bars. All theoretical 
failure loads were governed by failure in tension 
reinforcement based on a partial factor of safety 
(γm) of 2.5.  Low theoretical failure loads of 
10.26kN were observed for specimens SB1, 
SB2, SB3, SB4 and SB6 compared to 
experimental failure loads of (32kN, 30kN, 32kN, 
36kN and 28kN respectively). This relatively low 
theoretical failure loads represent beams with 
lower percentage tension reinforcements of 4.22. 
Specimen SB5 of this series, had a slightly 
higher theoretical failure load of 12.17kN due to a 
higher tensile ratio of 6% and a ratio of 
theoretical failure load to its experimental failure 

load { 
𝑃𝑢𝑙𝑡

𝑃′𝑢𝑙𝑡
 } of 2.14. It was also observed that 

theoretical failure loads of beams reinforced with 
mild steel (SB13 and SB25) were governed 
based on the yielding of the steel reinforcement. 
Amongst these two beams, SB25 presented 
almost a ratio of theoretical failure load to 

experimental failure load { 
𝑃𝑢𝑙𝑡

𝑃′𝑢𝑙𝑡
 } of 1.14 

compared to SB13 of 2.26.  Beams SB1 – SB13 
with dimensions of 120mm x 180mm had an 
average experimental failure load of 33.33kN 
compared to the average theoretical failure loads 
of 14.68kN. On the other hand, SB14 – SB25 
with dimensions of 135mm x 235mm had an 
average experimental load of 40.96kN compared 
with their theoretical load of 23.93kN. From beam 
series of SB1 – SB13, the highest experimental 
failure load of 38kN was observed on SB13 
which was steel reinforced, followed by SB4 
reinforced with fan palm with failure load of 36kN. 
The highest theoretical failure load of 30.15kN 
was observed with beams SB16, SB17, SB21, 
SB22, and SB24.  These sets of beams had the 
same tension reinforcement of 6.31%. Beams 
SB9, SB10, and SB11 with highest tension 
reinforcement of 9.69% had average theoretical 
failure loads of 22.09kN. The lowest failure load 
in this series was produced by beam SB8 with an 
experimental failure load of 16kN, and a 
corresponding theoretical failure load of 6.86kN. 
The low theoretical failure load represents the 
lowest tension bar reinforcement of 2.67%. The 
maximum overall experimental load of 74kN was 
produced by beam SB15 that had fan palm 
longitudinal tension bars and steel stirrups. 
Beams series SB1 to SB6 and SB14 and SB15 
produced the highest average ratios of 
theoretical to experimental loads of 65.50% and 
64.42% and the least observed were the series 
of SB9 to SB12 (18.21%) and SB21 to SB24 with 
21.86%. It was observed that more additional 
tension fan palm bars increased the load carrying 
capacity of the beams and reduced ductility. 

Therefore, narrower strips are more ideal to 
thicker members. This was corroborated by 
Harries et al. [55], who opined that more 
additional Glass Fiber Reinforced Polymer 
(GFRP) strengthens load carrying capacity while 
ductility decreases. 
 

4.4 Cracking Pattern of Beams 
 
Table 4 presents the characteristic crack patterns 
and failure modes of the beams. Beams SB1-
SB4 failed in tension producing more flexural-
shear failure cracks than pure shear failure 
cracks. These four beams were made from the 
same characteristic strength of 15.34N/mm2, a 
span- to- depth ratio of 4.11, tension bar 
percentage reinforcement of 4.22 and the same 
loading conditions. Hence, their cracking 
moments (Mcr) and theoretical cracking loads 
(Pcr) are 1.44kNm and 4.11kN respectively. 
These four beams had an average of 14.25 
cracks per beam at failure and majority of cracks 
registered were pure shear and flexural. 
Amongst these four beams, SB1 exhibited 
maximum crack width of 7mm at failure. Beams 
SB5 and SB6 with fan palm shear reinforcement 
showed maximum average crack spacing of 
131.11mm and 110.17mm respectively. 
Specimen SB5 had the lowest deflection 
(4.34mm) of all beams, despite its relative high 
tension percentage fan palm of 6. The deflection 
reflects the 16mm slender fan palm bar size used 
with minimal tendency to resist further deflection 
upon additional load. Beam SB14 had the 
maximum crack width of 10mm with 14 cracks 
and flexural shear cracks extending to the 
compression zone of the beam.  Beams SB7 and 
SB20 developed the largest number of cracks at 
17 and 20 respectively, with the former failing 
through diagonal flexural tension as well as a 
bond failure. Similarly, Beams SB25 reinforced 
with 12mm mild steel bars with a characteristic 
strength of 250N/mm2 failed with a distribution of 
twelve cracks: four pure shear cracks within the 
constant moment area; four flexural cracks 
outside the constant moment area, and four 
diagonal shear cracks. All pure cracks were 
found to terminate mid length of the beam 
section. Generally, the presence of a large 
number of cracks is a sure sign of good bond 
between the fan palm and concrete. This is 
attributed to the rough fibrous nature of fan palm 
which provides a good grip to the concrete 
compared to other natural materials such as 
bamboo and babadua with smooth surfaces, 
except that bamboo and babadua’s nodes tend 
to enhance interlock with concrete [18,24]. 
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Table 3. Failure loads of beams 
 

 Beam ID Theoretical 
cracking 
load P'cr  

Experimental Theoretical failure load P'ult (kN) 
Based on: 

P’ult/Pcr P’ult/P'cr Pcr 
/Pult 

Pcr / P'cr Pult/ 
P’ult 

Pult/P'cr  

Cracking 
load (Pcr) 

Failure 
load 
(Pult) 
(kN) 

Fan 
palm/steel 
bars failing 
in tension   

Concrete 
failing in 
compression  

Shear  

SB1 4.11 4.0 32 10.26* 28.11 43.08 2.57 2.50 0.13 0.97 3.12 7.79 

SB2 4.11 3.0 30 10.26* 28.11 37.20 3.42 2.50 0.10 0.73 2.92 7.30 

SB3 4.11 3.5 32 10.26* 32.26 43.08 2.93 2.50 0.11 0.85 3.12 7.79 

SB4 4.11 4.0 36 10.26* 32.26 43.08 2.57 2.50 0.11 0.97 3.51 8.76 

SB5 4.11 3.5 26 12.17* 23.31 37.08 3.48 2.96 0.13 0.85 2.14 6.33 

SB6 4.11 4.0 28 10.26* 32.26 49.02 2.57 2.50 0.14 0.97 2.73 6.81 

Average 4.11 3.67 30.67 10.58* 29.39 42.09 2.92 2.58 0.12 0.89 2.92 7.46 

SB7 3.39 2.8 24 16.30* 40.00 43.96 5.82 4.81 0.12 0.83 1.47 7.08 

SB8 3.39 2.5 16 6.86* 38.37 37.30 2.74 2.02 0.16 0.74 2.33 4.72 

SB9 3.39 2.8 24 22.09* 38.40 41.54 7.89 6.52 0.12 0.83 1.09 7.08 

SB10 3.39 2.8 26 22.09* 38.40 35.94 7.89 6.52 0.11 0.83 1.18 7.67 

SB11 3.39 3.0 26 22.09* 38.40 46.00 7.36 6.52 0.12 0.88 1.18 7.67 

SB12 3.39 3.0 18 10.61* 37.40 48.34 3.54 3.13 0.17 0.88 1.70 5.31 

Average 3.39 2.82 22.33 16.67* 38.50 42.18 5.87 4.92 0.13 0.83 1.49 6.59 

SB13 10.29 7.5 38 16.78* 29.14 45.06 2.24 1.63 0.20 0.73 2.26 3.69 

SB14 10.29 5.0 50 22.06* 57.14 45.12 4.41 2.14 0.10 0.49 2.27 4.86 

SB15 10.29 6.5 74 22.06* 57.14 37.28 3.39 2.14 0.09 0.63 3.35 7.19 

Average 10.29 5.75 62 22.06* 57.14 41.20 3.90 2.14 0.09 0.56 2.81 6.03 

SB16 10.29 7.5 48 30.15* 54.00 53.78 4.02 2.93 0.16 0.73 1.59 4.66 

SB17 10.29 8.5 54 30.15* 54.00 46.14 3.55 2.93 0.16 0.83 1.79 5.25 

Average 10.29 8.00 51.00 30.15* 54.00 49.96 3.79 2.93 0.16 0.78 1.69 4.96 

SB18 10.29 6.0 36 21.23* 43.94 50.00 3.54 2.06 0.17 0.58 1.70 3.50 

SB19 10.29 6.0 22 14.29* 58.40 63.22 2.38 1.39 0.27 0.58 1.54 2.14 
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Average 10.29 6.0 29 17.76* 51.17 56.61 2.96 1.73 0.22 0.58 1.62 2.82 

SB20 8.48 6.5 40 22.06* 75.97 47.60 3.39 2.60 0.16 0.77 1.81 4.72 
SB21 8.48 7.5 38 30.15* 72.74 56.66 4.02 3.56 0.20 0.88 1.26 4.48 
SB22 8.48 7.5 40 30.15* 72.74 49.02 4.02 3.56 0.19 0.88 1.33 4.72 
SB23 8.48 5.6 34 22.06* 75.97 62.84 3.94 2.60 0.16 0.66 1.54 4.01 
SB24 8.48 6.0 32 30.15* 72.74 51.08 5.03 3.56 0.19 0.71 1.06 3.77 
Average 8.48 6.62 36.80 26.91* 74.03 53.44 4.08 3.18 0.18 0.78 1.40 4.34 

SB25 8.48 6.0 26 22.77* 78.60 56.08 3.80 2.69 0.23 0.71 1.14 3.07 

* Governing theoretical failure loads 
 

Table 4. Cracking mode of beams 
 

Beam 
 ID 

Max.  
deflection  
(mm) 

Ave.  
crack spacing  
(mm) 

Max. crack 
width at  
failure (mm) 

No. of  
cracks at  
failure 

Type of crack at failure Failure Mode 

Pure  
shear 

Flexural Diagonal  
shear 

SB1 20.14 51.00 7 15 8 6 1 Flexural Shear 
SB2 14.07 85.58 1.5 13 5 8 0 Flexural Shear 
SB3 12.01 76.33 2 16 7 9 0 Flexural Shear 
SB4 18.69 95.58 1.5 13 6 2 5 Flexural Shear 
SB5 3.98 131.11 5 10 4 6 0 Flexural Shear 
SB6 16.46 110.17 2.5 13 4 9 0 Flexural Shear 
SB7 20.57 78.88 3 17 6 5 6 Diagonal Shear & Bond 
SB8 21.00 102.85 3 13 6 7 0 Flexural Shear 
SB9 21.27 73.38 2.5 16 5 4 7 Diagonal Shear 
SB10 22.67 84.79 3 14 5 3 6 Diagonal Shear 
SB11 18.69 92.00 4.5 15 6 4 5 Diagonal Shear 
SB12 18.63 93.47 5 16 6 10 0 Diagonal Shear & Bond 
SB13 15.23 80.14 3.5 14 6 8 0 Flexural Shear 
SB14 14.76 84.64 10 14 8 6 0 Flexural Shear to Comp. Zone 
SB15 19.30 165.71 5 7 2 2 3 Flexural Shear to Comp. Zone & Bond 
SB16 16.61 108.33 5 12 4 8 0 Diagonal Shear & Conc. Crushing at top 
SB17 17.83 85.50 2 16 5 3 8 Flexural Shear 
SB18 16.34 100.00 2 14 7 4 3 Flexural Shear 
SB19 18.41 127.00 6 11 5 6 0 Flexural Shear 
SB20 18.96 88.33 4 18 8 2 8 Flexural Shear 
SB21 14.55 110.00 4 9 5 4 0 Flexural Shear 
SB22 16.40 114.67 7 12 6 3 3 Flexural Shear & Bond 
SB23 12.27 116.79 5.5 14 6 4 4 Diagonal Shear 
SB24 15.62 89.69 2 16 6 6 4 Diagonal Shear 
SB25 23.03 90.31 2.5 13 5 4 4 Flexural Shear 
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4.5 Failure Mode of Beams 
 
Fig. 7 depicts typical beams at failure which 
show different types of cracks. The failure mode 
of a beam is dependent on various factors such 
as bond between reinforcing materials and 
concrete, strength of concrete, stirrups types and 
spacing, dowel action of the tensile bars etc. 
Table 4 presents three types of failures that were 
observed in the beams, namely: (1) pure flexural 

within the constant moment zone, (2) flexural-
shear and (3) diagonal shear. Beams SB7 and 
SB12 exhibited flexural shear and bond failure at 
the tensile zone of the beam. Beams SB14 and 
SB15 exhibited flexural shear cracks extending 
into the compression zone, while SB16 had 
concrete crushing at the compression zone. This 
beam had a tension bar ratio of 6.31% and a 
compression bar ratio of 2.88% giving it a total 
9.19% total reinforcement. 

  

 
 

Fig. 7. Crack pattern of fan palm reinforced concrete beam 
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5. DISCUSSION 
 
The load-deflection curves are presented in      
Fig. 6. The curve showed three important points: 
the initiation of first cracks, indicated by the 
change of slope of the curve; the yielding of the 
tension bars and the abrupt failure at ultimate 
load. The failure pattern of the fan palm bars in 
the tensile test is similar to steel except that the 
yielding of the steel bar showed necking before 
plastic deformation and eventual failure. 
Maximum deflections (at failure) of the fan palm 
beams ranged from 3.98mm to 22.67mm. The 
experimental failure loads of beams with different 
percentage reinforcing bars were compared to 
the predicted theoretical failure loads. The 
experimental and theoretical failure loads of all 
beams are presented in Table 3 ranging from 
16kN – 74kN and 6.86kN – 30.15kN respectively. 
The experimental failure loads for beams SB1-
SB6 and SB7- SB12 averaged 2.90 and 1.34 
theoretical failure load respectively, thus 
providing a good margin of safety for theoretical 
analysis. Similar safety margins were observed 
on the rest of the beams. This in fact means that 
the partial factor of 2.5 adopted for the fan palm 
in theoretical analyses can in fact be reduced. 
However, the value of 2.5 was selected to 
accommodate the possible variabilities in the 
mechanical properties of fan palm across 
different regions. The theoretical results showed 
that failure loads of beams were all governed by 
bars failing first. Equally, the observed failure 
loads and the computation using IS 456:2000 
suggested beams reinforced with fan palm 
tension bars above 5.6% as over-reinforced 
(Table 2). Table 4 underlined important 
characteristics of the cracking mode of beams. 
The presence of numerous cracks on the 
specimens indicated good bond between 
concrete and the fan pan. This is one of the key 
advantages of using fan palm over bamboo. 
Research conducted by Chandra et al. [22] and 
Kumar et al. [21] on bamboo-reinforced concrete 
highlighted numerous issues such as low bond 
and durability and brittleness.  
 

6. CONCLUSIONS  
 
The flexural strength and deformation properties 
of simply supported reinforced concrete beams 
with African fan palm/steel have been 
experimentally and theoretically studied. The 
study determines the suitability of African fan 
palm as substitute reinforcing bars based on its 
durability and mechanical properties such as the 
tensile strength and modulus of elasticity. The 

use of African fan palm was adopted to mitigate 
the environmental impact on the use of steel. 
Based on the results, the following conclusions 
are drawn: 
 

1 Using fan palm as substitute reinforcement 
in concrete beams offers adequate flexural 
strength, but the mode of failure is abrupt. 
An increase in the tension bar percentage 
of fan palm strengthens the capacity, but 
reduces ductility as in the case of SB5 with 
double rows of tensile bars giving a ratio of 
6%.  

2 The load-deflection characteristics of fan 
palm reinforced concrete beams showed 
an increased tensile ratio increases the 
cracking load as observed in the results. 

3 Fan palm beams reinforced with lower 
tension bars ratio showed more ductility 
compared to similar beams with higher 
tension ratio.  

4 It was observed that the deflections 
increased as the span-to-effective depth 
ratio (a/d) increased. The opposite was 
however, observed with the same category 
of beams that the shear strength 
decreased as span-to-effective depth ratio 
increased.  

5 Fan palm reinforced beams showed good 
bond between concrete and the fan palm 
material just like the reinforcing steel bars. 

6 Based on the observed test results and 
using the IS 456:2000, clause 26.5.1.1 
compared to the BS 8110 Part 01:1997 the 
tension fan palm bars ratio for an under 
reinforced beam section was calculated. To 
avoid brittle failures and provide minimal 
ductility, the limits that govern the 
adequacy of tension reinforcement using 
fan palm is proposed as 0.76% - 5.60%.  
Though it should be noted that due to the 
anisotropic nature of fan palm and 
depending on the strength of concrete 
used, the ratio only serves as a rule of 
thumb in the design of fan palm beams. 
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