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A B S T R A C T   

Coconut shell concrete beams containing coconut shell ash are a feasible alternative to traditional reinforced 
concrete beams in structural applications. Coconut shells in reinforced concrete beams are essential in 
earthquake-prone areas because of their ductility properties, which contribute to enhancing earthquake resis-
tance. This research investigates the flexure, ductility, shear, and cracking behavior of reinforced concrete beams 
made from the incorporation of a minimum quantity of untreated coconut shell particles (CSP) at 5% substitution 
of coarse aggregate (CA) modified with coconut shell ash (CSA) at 10% substitution of Ordinary Portland cement 
(OPC). Two beams were evaluated for flexural, strain, ductility, and cracking behavior. In contrast, the other two 
were evaluated for flexural, shear, strain, ductility, and cracking behavior by repositioning the loading point to 
the distance of 200 mm close to the support. In comparison to control beams evaluated for flexural, shear, strain, 
ductility, and cracking behavior, the ductility ratio of concrete beams with 10% CSA and 5% CSP improved by 
8.8%. The ductile improvement was observed with a 17.3% decrease in flexural load. The shear capacity of 
reinforced concrete beams with 10% CSA and 5% CSP improved compared to the reference literature in the 
study. Finally, it was discovered that combining 10% CSA and 5% CSP in reinforced concrete beams can improve 
ductility without significantly reducing ultimate failure load.   

1. Introduction 

Aggregates are a substantial component of concrete mixes and have a 
considerable impact on the structural performance of concrete [1]. 
Because of urbanization and industrialization, aggregate consumption 
has risen fast in recent decades. Due to aggregates’ high consumption, its 
sources are becoming depleted, and prices are rising. The use of light-
weight aggregate concrete saves 10–20% of the total cost of concrete 
and eliminates the need for conventional aggregate depletion [2]. To 
reduce weight and improve thermal insulation, lightweight concrete 
(LWC) has become increasingly popular [3,4]. 

The use of coconut shell (CS) as a lightweight aggregate to produce 
lightweight structural concrete (LWC) has been explored by the litera-
ture [1,4–8]. High-rise structures in earthquake-prone areas benefit 
greatly from the ductility feature, which increases earthquake resis-
tance. In the aftermath of earthquakes, structural engineers play a crit-
ical role [9]. Gunasekaran et al. [1] experimented with reinforced 
lightweight coconut shell concrete beams under flexure and concluded 
that coconut shell concrete beams flexural loadings proved that they had 

good ductility and could reach their maximum capacity. Prakash et al. 
[9] experimented with coconut shells and observed that all beams with 
coconut shells failed in a ductile way with a considerable deflection that 
was within the allowable range as per IS 456 (2000). Other lightweight 
aggregates, such as palm kernel shells and waste tire rubber, have also 
improved concrete ductility compared to normal concrete [10,11]. 

Ordinary Portland cement (OPC) is usually expensive, one of the 
most important components, and produces CO2 [13]. The cement in-
dustry has reduced cement output and partially replaced cement with 
alternative cementitious materials due to environmental and social 
concerns about sustainability and energy conservation. There is an 
ever-increasing need for pozzolans to replace cement in concrete, and 
the vast production of cement is causing environmental degradation 
[12]. More so, pozzolanic materials in concrete are rapidly becoming a 
must-have strategy for addressing environmental concerns associated 
with cement manufacture [14,15]. Various studies have been conducted 
to determine the viability of using coconut shell ash (CSA) as an alter-
native cement replacement material. Coconut Shell Ash is a viable 
substitute for Ordinary Portland cement (OPC) due to its pozzolanic 
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quality, which improves the cementitious composite strength [13]. Co-
conut shell ash (CSA) is created when crushed coconut shells are burned. 
Adeala et al. [14] completed a report on the use of coconut shell ash in 
concrete as a partial substitute for ordinary Portland cement. The find-
ings showed that replacing OPC with CSA from 5% to 15% is recom-
mended for structural concrete. 

Past research on the application of CSA in concrete has mostly 
focused on its engineering properties. On the other hand, many studies 
have also been carryout on reinforced coconut shell lightweight concrete 
beams with a limited investigation on the structural behavior of rein-
forced concrete beams with the incorporation of CSA and minimum 
content of CSP. This research investigates the flexure, ductility, shear, 
strain, and cracking behavior of reinforced concrete beams made from 
incorporating a minimum quantity of untreated coconut shell particles 
(CSP) at 5% of coarse aggregate (CA) modified with coconut shell ash 
(CSA) at 10% of OPC. In order to achieve construction sustainability, the 
construction industry should consider enhancing the ductility properties 
of reinforced beams. Incorporating CSP and CSA in reinforced concrete 
beams could increase ductility while lowering pollution levels. 

Therefore, the critical contributions of this research include:  

(i) Investigation of the workability and compressive strength of 
concrete made from incorporating 5% of untreated coconut shell 
particles (CSP) modified with 10% coconut shell ash (CSA).  

(ii) Examination of the flexure, ductility, strain, and cracking 
behavior of reinforced concrete beam made from incorporating 
5% of untreated coconut shell particles (CSP) modified with 10% 
coconut shell ash (CSA).  

(iii) Assessment of the flexure, ductility, strain, shear, and cracking 
behavior of reinforced concrete beam made from incorporating 
5% of untreated coconut shell particles (CSP) modified with 10% 
coconut shell ash (CSA). 

2. Research methods 

2.1. Material 

2.1.1. Concrete material properties 
Ordinary Portland Cement (OPC) class 42.5 was utilized, which met 

the standard criteria [17]. The specific gravity of OPC and CSA were 
3.11 and 2.06, respectively. CSA was categorized as a lightweight 
because its specific gravity was less than 2.4 [16]. The total of (SiO2 +

Fe2O3 + Al2O3) in CSA was greater than 70%, meeting the ASTM C618 
criteria for Class N pozzolanic material (Table 1). Crushed stone 
aggregate with a maximum size of 20 mm and natural sand were utilized 
as coarse and fine aggregate. As per [17,18], coarse aggregate (crushed 
stone) with a maximum size of 20 mm and fine aggregate (natural sand) 
were used. Fine and coarse aggregates had a specific gravity and water 
absorption value of 2.57 and 2.14%, 2.53 and 3.33%, respectively. CSP 
with a maximum particle size of 20 mm had a specific gravity of 1.28 
and water absorption of 29.67%. Fine aggregates (FA), coarse aggre-
gates (CA), and CSP grading are depicted in Figs. 1–3. CA and CSP had 

aggregate crushing value (ACV) and aggregate impact value (AIV) of 
16.74% and 2.26%, and 12.69% and 8.14%, respectively. Hence ACV 
and AIV values obtained for CA and CSP conform to the BS 812 standard. 

2.1.2. Concrete 
The concrete class of 30 was used, according to the British Research 

Environment (BRE). The design mix that was used is shown in Table 2, 
with slump values of 30–60 mm and a water-cement ratio of 0.55. The 
four mixes utilized to assess concrete compressive strength were control 
concrete (0), mix with 5% coconut shell particles (CSP5), mix with 10% 
coconut shell ash (CSA10), and mix with a mixture of 10% coconut shell 
ash and 5% coconut shell particles (CSA10&CSP5). The compressive 
strength tests were conducted using small cubes molds with the volume 
of 1 m3 cubic millimeter cured in water for 7, 28, 56, and 90 days to 
establish a knowledge of the strength growth with the introduction of 
CSA as a pozzolanic material. Because reinforced concrete members 

Table 1 
Chemical Composition of cement and coconut shell ash.  

Component Cement (%) CSA (%) 

SiO2 25.17 52.55 
AL2O3 5.64 13.74 
Fe2O3 2.63 7.65 
Cao 61.86 3.55 
MgO – 1.60 
Na2O 0.08 0.47 
K2O 0.65 2.35 
MnO 0.02 0.08 
SO3 2.79 0.57 
Loss on ignition 2.81 7.69  

Fig. 1. Fine Aggregate gradation.  

Fig. 2. Coarse Aggregate gradation.  

T.C. Herring et al.                                                                                                                                                                                                                              
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must be ready for use and service after the 28 day curing period, the 
beams were examined. Control and a mix with a combination of 10% 
CSA and 5% CSP (CSA10&CSP5) were considered for the beams testing. 
Workability tests were performed on fresh concrete as per the standard 
[19,20]. 

2.1.3. Steel bars and links 
Reinforcing bars of 8 mm and 12 mm diameter were tested up to 

failure following [21] using the Universal Testing Machine (UTM). 
Three specimens were used for each steel reinforcement bar diameter in 
the experiments. In Table 3, T8 and T12 average ultimate strengths were 
724.88 MPa and 666.54 MPa, respectively. T8 had a greater average 
yield strength of 548.88 MPa, as expected, than T12, which had a value 
of 492.02 MPa. The ultimate strength to yield strength ratio (fu/fy) was 
between 1.32 and 1.35. The minimum strain hardening requirement 
(fuk/fyk) for ribbed reinforcing bars is 1.05 [22]. Yield strength is an 
important steel attribute in assuring material quality for engineering 
applications. T12 bars had a decreased yield when compared to T8 bars. 

The findings are consistent with other researchers’ findings [23]. After 
yield, fu/fy values larger than 1.05 are predicted to undergo significant 
strain hardening, which increases the ductility of steel [24,26]. This was 
visible in the steel bars used in this investigation because all fu/fy for 
were larger than 1.05. Steel tensile strength values appeared to meet 
standards for concrete reinforcing applications requiring ductility 
characteristics. 

2.2. Beam setup and testing 

2.2.1. Specimen preparation and casting 
Four 150 mm × 200 mm x 2000 mm beams were tested in accor-

dance with [24] to determine the flexure, shear, ductility, and mecha-
nism of failure of concrete containing CSA and CSP. The beams for Class 
30 concrete were designed in accordance with BS [28]. Flexure beams 
were denoted by the abbreviations FBC and FBM. The shear and flexure 
beams were designated SFBC and SFBM1, respectively. The beams were 
formed using construction plywood. All steel reinforcement schedules, 
sizing, and bending was done in compliance with the standard [29]. 
Steel reinforcement strain was measured using 118.5 ± 0.5 Ω gage 
resistance strain gauges. 

The mid-span tension bars and the shear links 225 mm from the 
loading point were smoothed with a bench grinder for strain gauge 
installation. The strain gauges were carefully embedded on steel bars 
with glue then covered with waterproof material for protection before 
casting. The beam samples were cast horizontally in the plywood shape. 
Compaction with a poker vibrator was then performed. The specimens 
were demolded without causing any damage after 24 h. They were then 
moist-cured to achieve uniform curing by covering them with sand and 
damp gunny bags. The samples were maintained in the laboratory for 28 
days at room temperature and with humidified air. 

2.2.2. Test setup and instrumentation 
The beams for flexural testing were built conceptually in Fig. 4 and 

realistically in Fig. 5. A dial gauge was installed on the beam bottom 
center surface for mid-span deflection recording. When the test began, 
the loading point was placed at a distance sufficient to achieve only 
flexure failure in the beam. The load was applied constantly at pressure 
by a 400 kN hydraulic jack until the maximum load resulting in failure 
was reached. The applied load was measured using a load cell with a 
capacity of 200 kN. For each load increment, deflections were measured 
using a dial gauge coupled to a data logger. The maximum load was 
determined. To determine the specimen ductility, load-deflection curves 
were plotted. The beams were inspected to understand how the cracks 
were developing. After completing the test, beams were examined to 
determine deflection, crack spacing, crack patterns, and failure modes. 
To achieve flexure and shear failure, loads were applied to the other 
beams at a distance of 200 mm from the supports. Figs. 6 and 7 show the 
reinforcement details and test setup for beams tested for ductility, 
cracking behavior, shear, and flexure performance. This distance was 
obtained by utilizing the shear reinforcement criteria specified during 
beam design. The loads were placed this far away from the supports in 
order to test the flexural, ductility, and shear properties of SFBC and 
SFBM, respectively. 

Fig. 3. Coconut Shell Particles gradation.  

Table 2 
Concrete mix.  

Specimen ID Cement CSA Sand Coarse 
aggregate 

CSP Water to 
cement 
ratio 

kg/m^3 kg/ 
m^3 

kg/ 
m^3 

kg/m^3 kg/ 
m^3 

w/b 

Control 381.82 0 759.44 1048.7 0 0.55 
CSP5 381.82 0 759.44 996.26 52.44 0.55 
CSA10 343.64 38.18 759.44 1048.7 0 0.55 
CSA10&CSP5 343.64 38.18 759.44 996.26 52.44 0.55  

Table 3 
Tensile Strength results of T8 and T12.  

Sample name Diameter (mm) Ultimate Strength (MPa) Average Ultimate Strength (MPa) Yield Strength (MPa) Average Yield Strength (MPa) Average (fu/fy) 

T12A 12 651.45 666.54 459.93 492.02 1.35 
T12B 12 676.75 507.14 
T12C 12 671.42 509.00 
T8A 8 724.50 724.88 569.89 548.88 1.32 
T8B 8 725.64 507.11 
T8C 8 724.51 569.65  

T.C. Herring et al.                                                                                                                                                                                                                              
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3. Results and discussion 

3.1. Workability 

When CSA and CSP are used in concrete production, the workability 
for the fixed water-cement ratio is reduced. Fig. 8 demonstrates the 
workability of control, 5% CSP, 10% CSA, and the combination of 10% 
CSA and 5% CSP concrete mixes. As 10% CSA and 5% CSP5 were mixed, 
concrete workability decreased much more when compared to control 
and other individual percent substitutions. CSP has a low specific 
gravity, thus occupying more surface area. CSP can store water as an 
internal reservoir due to its porous nature and high-water absorption, 
needing extra water for increased workability [25]. The absorbent na-
ture and particle fineness of CSA may have also contributed to the 

reduction in workability. CSA and other pozzolanic components stiffen 
concrete mixtures [26], which may have resulted in a further loss of 
workability. Fig. 8 also shows that 10% CSA had a greater impact on 
slump and compaction factor reduction than the 5% CSP. This is also 
owing to the fact that Concrete contains a lot more CSA than CSP 
content. 

3.2. Compressive strength 

As seen in Fig. 9, the compressive strength of all mixes increased with 
age. At 28, 56, and 90 days, the compressive strength of the combination 
of 10% CSA and 5% CSP is 30.82%, 39.54%, and 40.39%, respectively, 
higher than at 7 days. At 28, 56, and 90 days, the compressive strength 
of the individual mixtures of 10% CSA, 5% CSP, and control concrete is: 

Fig. 4. Flexural beams reinforcement details.  

Fig. 5. Flexural beams test setup and instrumentation.  

Fig. 6. Flexural and shear beams reinforcement details.  

T.C. Herring et al.                                                                                                                                                                                                                              
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30.95%, 35.73%, and 37.63%; 30.1%, 33.43%, and 33.61%; 28%, 
28.69%, and 28.88%, respectively, higher than that of the seven (7) day 
strength. Beyond 28 days, it is obvious that concrete containing CSP and 
CSA grows in compressive strength more than control concrete. The 
continuous hydration of Portland cement and the CSA-delayed pozzo-
lanic reaction result in a denser microstructure. Coconut shell particles 
collect water and hold it in their pore structures, which act as reservoirs 
for long-term concrete curing and strength development [8]. 

It’s also worth noting that concrete with 10% CSA had the optimal 
strength in compression compared to control, 5% CSP, and the combi-
nation of 5% CSP and 10% CSA after 56 and 90 days of curing. This is 
because of Ca(OH)2 reaction with SiO2 was triggered beyond the 28-day 
curing period, thus releasing a large about of C–S–H gel. The compres-
sive strength of the combination of 10% CSA and 5% CSP was slightly 
lower than control at 56 and 90 days of curing. The majority of the 
blame lies with the failure of the link between the coconut shell aggre-
gate and the hardened cement paste. Compared to control concrete, the 
combined inclusion of 10% CSA and 5% CSP resulted in compressive 
strength of 35.4 MPa, which was 3.23% lower than control concrete 
after 90 days. The compressive strength output obtained in this research 
differ from those of [27] who studied the comprehensive study of waste 
coconut shell aggregate as raw material in concrete. The difference can 
be attributed to the presence of the CSA SiO2, which reacts perfectly with 
cement-free lime, and the CSP grading size, which occupies less surface 
area. 

3.3. Flexural strength and deformation 

3.3.1. Load deflection and ductility behavior 
Fig. 10 depicts the load-deflection behavior of the control beams 

(FBC) and beams 10% CSA and 5% CSP (FBM) failing in flexure. 
Cracking begins at the bottom of the beam portion, where the cracks 
originate, then spreads swiftly to the beam’s top as the applied stress 
increases, causing the beam to fail completely. FBC beam was 17.3% 
higher than FBM beam at ultimate loads. The addition of 10% CSA in 
FBM may have lowered strength due to SiO2 not reacting with Ca(OH)2 
at the 28-day curing period. Also, adding 5% of CSP resulted in a 
decrease in FBM strength. The loss in flexural strength of coconut shell 
concrete is thought to cause this behavior [33]. This reduction is due to 
weak bonding between coconut shell particles and other concrete ma-
terials [29]. 

Furthermore, the FBM beam showed an increase in deflections of 
29.63% at ultimate load levels compared to the FBC beam. The FBM 
beam’s substantial deflections at maximum load show high ductile 
behavior, which may provide enough warning before the complete 

Fig. 7. Shear and flexural beams test setup and instrumentation.  

Fig. 8. Workability of control and modified concrete.  

Fig. 9. Compressive strength of control and modified concrete.  

T.C. Herring et al.                                                                                                                                                                                                                              
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collapse. This rise in deflection of FBM beam can be attributed to the 
inclusion of 5% of coconut shell particles which indicates that coconut 
shell particles have a high strain capacity [1]. The greater deflection is 
most likely owing to the CSP’s low elastic modulus, which allows for 
improved energy absorption [38]. It can also be shown that the FBC 
beam behaves linearly at low loads, whereas the FBM beam differs little. 
This implies that the FBM beam began cracking earlier than the control. 
The FBC and FBM beams had a maximum of 19 mm and 27 mm de-
flections at ultimate loads. The finding of this study is in line with pre-
vious research [29–31]. 

Moreover, the ductility values of the FBC and FBM beams are also 
shown in Table 4. The displacement ductility ratio is calculated as (Δu/ 
Δy), where Δu is the ultimate moment deflection, and Δy is the yields 
deflection. In general, a structural member with a high ductility ratio 
may withstand substantial deflections before failing. The ductility ratio 
for all beams was greater than 3, indicating relatively excellent ductility 
[32]. The ductility ratio of FBM was likewise found to be 8.8% greater 
than that of the control beam. As indicated by the ACV and AIV value 
tests (Section 2.1.1), as well as the presence of fiber on the CSP’s outer 
surface, which may have contributed to the material’s good ductility. 
According to the literature, structural members with displacement 
ductility in the range of 3–5 have appropriate ductility and can be 
employed for structural members subjected to substantial displace-
ments, such as abrupt earthquake stresses [33]. Hence, incorporating 
the small amount of CSP (5% CSP) with a maximum aggregate size of 20 
mm increased the ductility performance of FBM compared to control. 
The results of this research are consistent with those of Gunasekaran 
et al. [1] but differ with the introduction of CSA and the amount of CSP 
particle size grading. 

3.3.2. Crack pattern, details, and mode of failure 
After a thorough visual inspection, Fig. 11 displays the tested beams’ 

crack pattern and failure mechanisms. The cracks were generally 
localized to the mid-section of the beams. Table 5 also provides load at 

first crack, ultimate crack, and failure mode. 
The crack development was enhanced in the FBM beams compared 

to the FBC beams. It was observed that the first crack load for the FBM 
beam was lower than the control beam, which entails that FBM started 
cracking at lower loads (Table 5). More so, the presence of CSP caused 
an increase in mid-span deflection (Fig. 11 b), which is thought to be the 
cause of such behavior. Given the loading point location, flexure failure 
was the form of failure for both beams. There were more cracks with 
branches in FBM beams (Fig. 11 b), whereas control (FBC) beams had 
vertical cracks that were wide with no branching. 

When the microcracks preceding the crack tip are halted, greater 
energy is required to propagate the crack [34]. Branching of fractures 
and redistribution of stresses, accompanied by a failure phase, are 
observed to result in concrete’s ductile performance [35]. The addition 
of coconut shell particles seems to limit the development of wide cracks 
opening (Fig. 11 b). This is in line with the findings of Ismail and Hassan 
[36], who discovered that conventional concrete exhibits wider cracks 
than tire rubber as a lightweight aggregate in concrete. 

At ultimate load levels, Table 6 displays the crack specifics, which 
include the overall number of cracks, crack growth, and crack spacing. 
The total number of cracks in the FBM beam rose when the load was 
increased. The same correlation was observed with the FBC beam. The 
FBC and FBM beams had a total of four (4) and eight (8) cracks, 
respectively. At maximal load levels, the total number of cracks in the 
FBM beam was twice that of the control (FBC) beam. The addition of 
10% CSA in the FBM beam was anticipated to be sufficient to boost 
strength (as shown in Fig. 9) and reduce the frequency of cracks, but it 
had no positive effect due to the pozzolan in the ash not being activated 
at 28 days of curing. CSP concrete with 10% CSA has a considerable 
number of clustered cracks, as evidenced by the low load deflection 
graph (Fig. 10). According to this theory, the large strain rate difference 
between coconut shell particles and concrete is caused by coconut shells’ 
high Poisson ratio and low modulus [1]. 

An increase in the rate of crack growth was seen as both beams were 
loaded up to failure. The crack propagation in both beams differs with 
the same loading position. Compared to the FBC beam, the FBM beam 
had a higher rate of crack formation. This is because the FBM beam 
reduced modulus of elasticity compared to control. Additionally, the 
presence of fibers on one side of the CSP could have aided in the prop-
agation of cracks in the FBM beam. At the maximum load level, the FBM 
and FBC beams showed crack propagation of 183 mm and 165 mm, 
respectively. The crack spacing reduces as the number of cracks and 
loads are increased. The crack spacing in control (FBC) beam was greater 
than that of the FBM beam. FBC and FBM beams had a typical crack 
spacing of 85 and 66 mm. The smaller crack spacing in the FBM is owing 
to the fact that the FBM has more cracks than the FBC beam. 

3.3.3. Concrete and steel strain 
Concrete and steel strains were measured for FBC and FBM beams. 

Compressive and tensile strains are represented by the negative and 
positive concrete strains in Fig. 12. The maximum compressive strains 
for FBC and FBM were − 0.0025 and − 0.0029, respectively. The greatest 
strains in the tensile zone were 0.00042 for FBC and 0.0024 for FBM, 
respectively. Strain gauges were installed on the top and bottom middle 
surfaces of the beams for recording strain. The findings show that the 
strains increased as well when the stress was increased. Strain gauges 
placed on the upper surface of both beams’ middle section revealed the 
highest strain. 

In Fig. 12, the compression and tensile zones of the FBM beam had 
the maximum negative and positive load-strain slopes compared to the 
FBC beam. The fact that CSP has a low modulus of elasticity and a weak 
particle bond at the inner surface explains this phenomenon. Unfortu-
nately, due to the limited curing period, 10% of CSA could not 
contribute to the strain capacity of the FBM beam since pozzolan content 
in the ash was not activated. The FBM beam had more strain than the 
FBC in tension steel, as seen in Fig. 13. FBM beam tension-steel exhibits 

Fig. 10. Load-deflection curve.  

Table 4 
Ductility ratio.  

SI 
No 

Specimen 
ID 

Deflection at yield 
(mm) 

Deflection at 
failure (mm) 

Ductility ratio 
(Δu/Δy) 

1 FBC 6 19 3.1 
2 FBM 8 27 3.4  
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significant strain due to the limited curing period of CSA, smooth surface 
of the inner part, and low modulus of elasticity of CSP. The strain in 
concrete and steel results for FBM are compatible with previous studies’ 
findings [28,37]. 

3.4. Flexural, shear, and deformation 

3.4.1. Load-deflection and ductility behavior 
Fig. 14 illustrates the load-central deflection behavior of the control 

beam (SFBC) and modified beam (SFBM) tested for flexural, shear, and 
deformation. The loading point was repositioned to a distance of 200 
mm from the support with a shear span to an effective depth ratio of 1.24 
in order for the beams to fail in bending and shear. There were three 
portions captured in Fig. 14 curves, with the first occurring until 
cracking, the second until yielding, and finally until failure. As the load 
reduced, all tested beams exhibited continuous deflection. A 7.4% 
reduction in ultimate failure loads was found in the SFBM beam with 5% 
CSP and 10% CSA combined when compared to the SFBC beam. The 
ultimate deflection points for the SFBM beam appear to be higher than 
those for the FBC beam. 

Fig. 14 shows that SFBM with CSA sustained a lower load than SFBC. 
This phenomenon appears to be caused by the smoothness of the inner 
portion of CSP, which causes sliding in concrete and hence a lower 
modulus of elasticity. Coconut shell particles as aggregates decrease 
aggregate interlock even further, contributing 35–50% of the beam 
shear capacity. More specifically, the addition of 10% CSA resulted in a 
reduction in beam stiffness, as evidenced by the reduced load-deflection 
slope in Fig. 16. This could be explained by a decrease in beam bonding 
caused by adhesion loss at the steel-concrete interface [38]. Longer 

Fig. 11. Crack pattern and failure mode for control and modified concrete beams.  

Table 5 
Crack loads and failure mode.  

SI 
No 

Specimen 
ID 

First 
Crack 
Load 
(KN) 

First Crack 
Deflection 
(mm) 

Ultimate 
Load 
(KN) 

Ultimate 
Load 
Deflection 
(mm) 

Failure 
mode 

1 FBC 26 3 52 19 Flexure 
2 FBM 18 2 43 27 Flexure  

Table 6 
Crack details.  

SI 
No 

Specimen 
ID 

Number of cracks 
(Ultimate) 

Crack Propagation 
(Ultimate) 

Crack Spacing 
(Ultimate) 

NO mm mm 

1 FBC 4 165 85 
2 FBM 8 183 66  

Fig. 12. Concrete strain (tension and compression).  

Fig. 13. Steel strain (main reinforcement).  
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concrete curing times can result in a reasonable increase in adhesion in 
concrete containing CSA, as illustrated in Fig. 9. 

Table 7 shows the improvement in ductility ratio for SFBM beam 
with 10% CSA versus SFBC beam. The ductility ratio of the SFBM beam 
increased by 9.5% as compared to the SFBC beam. The reduced load 
yielding failure was attributable to the SFBM beam’s lower section 
stiffness than the SFBC beam. Such a phenomenon was discussed in the 
previous section on beams subjected to flexural and ductility. It is clear 
that when loads are placed close to the supports, the ultimate load of the 
beams improves, and the ductility ratio decreases under the same rein-
forcement settings as the prior beams evaluated for flexural and 
ductility. 

3.4.2. Crack pattern, details, and mode of failure 
Fig. 15 demonstrates the flexural and shear failure modes of SFBC 

and SFBM concrete beams. The loading point was repositioned 200 mm 
closer to the support, with the same reinforcement design and 
arrangement for beams that tested for flexural and deformation. Steel 
yielded, which was followed by vertical and diagonal cracks, as well as 
concrete crushing, as seen in Fig. 15. 

The fact that the SFBC beam had fewer cracks than the SFBM beam 
suggested that the SFBM beam had better strain distribution. This 
behavior was also seen in beams that were tested for flexural and 
deformation described earlier. It was suggested that increasing the ri-
gidity of the control beam might lessen the number of cracks. However, 
both had more cracks than beams that failed in flexure. According to this 
observation, placing the load 200 mm from the supports affected the 
number of cracks. 

The addition of CSP permitted the SFBM beam to experience 
considerable deflections and a more quantity of cracks before final 
failure. The inclusion of CSP reduces the modulus of elasticity, 
explaining this behavior [9]. This type of behavior is desired because it 
reduces seismic damage by providing enough warning to building oc-
cupants during earthquakes [39]. Table 8 also shows the first crack load, 

first crack deflection, ultimate loads, ultimate deflection, and failure 
mode. 

Following the failure of the beams, the overall number of cracks in 
the SFBC beam was twelve (12), while the maximum count of cracks in 
the SFBM beam was fifteen (15), as seen in Table 9. At maximum load 
levels, the overall number of cracks in the SFBM beam was three (3) 
cracks higher than in the SFBC beam. When the loading point was 
shifted 200 mm closer to the support, the number of total cracks in both 
beams was also higher than in the beams tested for flexural performance. 
This is due to the loading point close to the beam’s edge, which increases 
load capacity. 

During loading, crack propagation was monitored from the bottom 
to the top of both beams and was measured after the beams had totally 
failed. As the load increased, crack propagation increased in all beams. 
The crack propagation was greater in the SFBM beam than in the control 
beam under the same shear span to effective depth ratio. The crack 
propagation lengths in SFBC and SFBM beams were 153 and 178 mm, 
respectively. 

The combined inclusion of 5% CSP and 10% CSA in the SFBM beam 
reduced the maximum crack spacing by 13.5% compared to the SFBC. 
One explanation for this behavior could be an enhancement in strain 
distribution in SFBM, which increases the number of cracks. Other re-
searchers [9,40] found that maximum crack spacing was reduced palm 
kernel concrete and fly ash concrete with coconut shell coarse aggregate 
compared to control concrete. 

Furthermore, because of the low elastic modulus of the CSP, the 
addition of CSP in SFBM beams has been shown to reduce crack spacing 
[41]. Beam ductility is connected with a rise in the number of cracks, a 
decrease in crack spacing, and a decrease in crack width [10]. 

3.4.3. Strain in tension steel, links, and concrete 
Figs. 16 and 17 demonstrate the fluctuation of strains in concrete 

(tension strain, compression strain, and shear strain) and steel re-
inforcements (tension steel and shear links) for SFBC and SFBM beams. 
The tensile strain, compressive strain, and strain along the line of shear 
of the beams with and without the combination of CSA and CSP show the 
linearity from the start of the experiment until the formation of cracks, 
beam failure, and sliding of the strain gauges in the concrete (Fig. 16). As 
the stress was increased, the concrete strain for the SFBC and SFBM 
beam soared. Fig. 17 shows a disparity in the slopes of SFBC and SFBM 
concrete strain in compression, shear, and tension, which could be 
caused by strain gauge sliding during loading. Another probable cause 
could be concrete straining due to persistent load application. It was 
observed that SFBM beam concrete strain (compression and tensile) 
yielded a larger strain than the SFBC beam. The low modulus of elas-
ticity of SFBM is responsible for its high concrete strain in compression 
and tension. Fig. 16 also shows that the strain occurring perpendicular to 
the shear line was larger for the SFBC beam than the SFBM beam. The 
smoothness of the interior portion of the CSP affects the interlocking of 
the aggregates, reducing the shear resistance. Furthermore, because the 
pozzolan content of the CSA in the SFBM beam was not activated during 
the 28-day curing period, it is possible that it did not play a substantial 
role in improving the bond between the aggregates and the cement 
matrix. 

Fig. 17 shows that the SFBM with 10% CSA and 5% CSP tension 
reinforcement and shear link displayed higher strains and yielded before 
the SFBC beam shear link strain. The shear link strain graph of the SFBM 
beam did not display a linear behavior but rather zigzagged, as shown in 
Fig. 17. This behavior could also result from a weak bond between CSP 
inner section and the cement matrix, allowing the links to carry most of 
the shear loads. The main reinforcement of the SFBM beam revealed 
higher concrete strains before failure than the control beam (SFBC). The 
higher concrete stresses in the SFBM beam indicate a stronger bond 
between the longitudinal reinforcement and the CSP. The high strain 
capacity is comparable to the ductility properties of CSP in SFBM beam. 

Fig. 14. Load-deflection curve.  

Table 7 
Ductility ratio.  

SI 
No 

Specimen 
ID 

Deflection at yield 
(mm) 

Deflection at 
failure (mm) 

Ductility ratio 
(Δu/Δy) 

1 SFBC 14 26 1.9 
2 SFBM 17 35 2.1  
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3.4.4. Validation of shear capacity experimented 
Reinforced concrete members’ shear behavior is more complex than 

its flexural behavior. Many factors influence shear capacity, including 
non-linearity, non-homogeneity, reinforcement, and so on [42]. The 
ultimate shear capacity of SFBC and SFBM in this research was achieved 
by converting the ultimate load to shear force. With the aid of Eq. (1), 
the experimental shear capacity of the beams tested for flexural and 
shear performance is shown. Where P denotes the ultimate load, and V 
represents the shear force. 

V =
P
2

(1) 

Beam shear capacity is also referred to as its shear force. The 
experimental shear strength of the beams examined is compared to the 
shear capacity reported in the literature captured in Fig. 18. As illus-
trated in Fig. 18, the shear capacities of SFBC and SFBM are larger than 
those reported [41,43,44]. The rationale for the high shear capacity is 
that the shear span to effective depth ratio was chosen to be 1.24 due to 
the fact that the loading point was relocated 200 mm from the support. 
With a low shear span to effective depth ratio, high shear strength is 
possible. Additionally, when compared to the shear strength result ob-
tained by Sinkhonde et al. [43] under a similar loading position, SFBM 
with 10% CSA demonstrated a greater shear strength. The increased 
shear strength is due to the inclusion of the particle size and quantity of 
CSP in the SFBM beam, thus occupying less surface area. As illustrated in 

Fig. 15. Crack pattern and failure mode for control and modified concrete beams.  

Fig. 16. Concrete strain (tension, compression and shear).  

Table 8 
Crack loads and failure mode.  

SI 
No 

Specimen 
ID 

First 
Crack 
Load 
(KN) 

First Crack 
Deflection 
(mm) 

Ultimate 
Load 
(KN) 

Ultimate 
Load 
Deflection 
(mm) 

Failure 
mode 

1 SFBC 95 3 185 26 Shear – 
flexure 

2 SFBM 70 4 172 35 Shear – 
flexure  

Table 9 
Crack details.  

SI 
No 

Specimen 
ID 

Number of cracks 
(Ultimate) 

Crack Propagation 
(Ultimate) 

Crack Spacing 
(Ultimate) 

NO mm mm 

1 SFBC 12 153 126 
2 SFBM 15 178 109  

Fig. 17. Steel Strain (main reinforcement and links).  
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Fig. 18, increasing the amount of lightweight material reduces the shear 
capacity of a beam. 

4. Conclusions 

The findings given in this research led to the following conclusions.  

1. When flexural tests were performed on FBM beams containing 10% 
CSA and 5% CSP, the ductility ratio improved by 8.8% when 
compared to FBC concrete beam. Only a 17.3% drop in flexural load 
was required to demonstrate this gain in ductility.  

2. Compared to the SFBC concrete beam, the SFBM beam containing 
10% CSA and 5% CSP tested for flexure, ductility, and shear showed 
a lower ductility value than beams tested for only flexural and 
ductility. Placing the loading point close to support can decrease 
ductility performance and thus increase the shear load. Both con-
crete investigated had higher experimental shear capacities than the 
reference literature.  

3. Incorporating 10% CSA and 5% CSP in reinforced concrete beams 
makes it feasible to produce increased ductility without considerably 
reducing the ultimate failure load, which has been highlighted as a 
promising option for seismic applications. 

4. When flexural and deformation tests were performed on FBM con-
taining 10% CSA, branching cracks predominated over straight 
cracks when compared to FBC.  

5. Strain behavior of FBM and SFBM concrete beams containing 10% 
CSA and 5% CSP tested for flexure, ductility, shear, and cracking 
behavior exhibit larger strain than control beams (FBC and SFBC).  

6. The findings from the research shows that a reinforced coconut shell 
concrete beam with the limited pozzolanic reaction of CSA can still 
perform structurally when subjected to apply loads. 
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