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ARTICLE INFO ABSTRACT

Keywords: Recent campaigns towards reducing the housing deficits and enhancing environmental sustain-
Carbon footprint ability in developing countries have led to increasing research efforts towards incorporating
Concrete

abundant natural materials into housing construction. One of such materials is oil palm broom
, . fibres (OPBF) which began to attract research attention only recently for having the potential of

Developing countries . I, . : :

. . being used as longitudinal reinforcement for concrete beams when combined as strands. This
Finite element modelling A i X N N . A
Housing study provides some practical considerations and guidance for the design of OPBF-strand rein-
Palm fibres forced concrete using the flexural behaviour curves of 100 x 100 x 500 mm palm strand —
reinforced prisms obtained from experimental investigation and parametric studies using finite
element modelling. The study recommends the use of allowable stress design methodology for
OPBF-strand reinforced concrete. A comparison of the carbon footprint between the OPBF- strand
reinforced concrete beam and an equivalent steel reinforced concrete beam shows that the former
could provide cheaper and eco-friendlier building material.

Concrete Damage Plasticity

1. Introduction

Research on the incorporation of locally available wastes in building materials for the provision of infrastructure has gained sig-
nificant attraction over the past three decades. For developing countries which are already plagued with huge infrastructure deficits, it
is only reasonable to explore alternative construction and building materials that are affordable and sustainable. With a high popu-
lation growth rate, increased rural-urban migration, lack of or difficulty in obtaining housing credit, and high inflation rates, securing
decent accommodation is almost impossible for low and middle-income earners in these countries. For instance, Nigeria and India are
each reported to have over 20 million housing units deficit [1]. In India, the bid to eliminate this housing deficit has also caused the
increasing demand for conventional construction raw materials such as soil aggregates (which currently stand at 2 billion tonnes per
annum) as well as increased importation of refined construction materials (e.g., steel), hence placing severe strain on the environment.
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Nomenclature

Ecu is the maximum strain of concrete in uniaxial compression
€ is the strain

Ecs is the free shrinkage strain

Econcrere 1S the Young’s modulus of the concrete

Eopbs is the Young’s modulus of OPBF strands

Esteel is the Young’s modulus of steel reinforcement

Ec o is the effective Young’s modulus of concrete

n is the modular ratio

ne is the effective modular ratio

Ar is the area of steel reinforcement

Ag is the area of OPBF strand reinforcement

M is the moment capacity of section

r is the radius of curvature

1/r is the total curvature

1/res is the curvature due to shrinkage

1/resuny  is the curvature due to shrinkage of the uncracked section
1/rc is the curvature due to creep of the section

k is the deflection constant

Smax is the maximum midspan deflection

w is the uniformly distributed load

£ is the distribution coefficient

B is the load duration factor

o is the stress in the tension steel for the cracked concrete section
Osr is stress in the tension steel calculated based on a cracked section
o? is the contact stress after damage initiation

dry is the tension damage parameter for OPBF strand

dgs is the compression damage parameter for OPBF strand

6 is the contact traction at normal and shear directions (i)
fi is the uniaxial tensile strength of concrete

feu is the maximum uniaxial compressive strength of concrete
fem is the mean concrete strength in uniaxial compression

S is the maximum uniaxial tensile strength of concrete

Ecu is the maximum strain of concrete in uniaxial compression
6'0 is strain of concrete at maximum uniaxial compressive stress f,
e is elastic strain of concrete in uniaxial compression

€% is the elastic strain of OPBF strand in tension

g is the inelastic strain of OPBF strand in tension

gn is the inelastic strain of concrete

E, is the undamaged elastic stiffness of concrete

Eyf is the undamaged elastic stiffness of OPBF strand

Ef is the damaged stiffness of OPBF strand in compression

d. is the compression damage parameter of concrete

d; is the tension damage parameter of concrete

& is the tensile strain of concrete

Eor is the cracking strain

€ is the eccentricity

W is the dilation angle of material

fo is the concrete strength in biaxial compression

fr is the uniaxial tensile strength of OPBF strand

frr is the maximum uniaxial tensile strength of OPBF strand
frra is the design tensile strength of OPBF strand

fre is the maximum compressive strength of OPBF strand

fya is the design strength of the steel reinforcement

er is the tensile strain at fpr

er is the inelastic strain of OPBF in uniaxial tension

en is the inelastic strain of OPBF in uniaxial compression

et is the total compressive strain of OPBF strand
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eg} is the elastic strain of OPBF in uniaxial tension

e is the elastic strain of OPBF in uniaxial compression

Eoc is the undamaged elastic compressive stiffness of OPBF strand
Ef is the post-elastic stiffness of the OPBF strand in tension

dy is the tension damage parameter of OPBF strand

d.r is the compression damage parameter of OPBF strand

Kon is the cohesive stiffness in the normal direction

ks is the cohesive stiffness in the shear direction

ke is the cohesive stiffness in the tangential direction

d, is the effective depth of reinforcement

M is the moment capacity of section

¢ is the creep coefficient

S is the first moment of area of reinforcement about the centroid of the section
I is the second moment of area of section

I, is the second moment of area of the cracked section

Ar is the area of OPBF strand reinforcement

p is the reinforcement ratio

b is the breadth of the section

d, is the effective depth of the section

D is the damage evolution parameter

F, is the compressive force in concrete

feu is the compressive stress in concrete

a is the neutral axis depth factor

x is the depth of the neutral axis

fr is the tensile stress in the strand reinforcement

sc is spacing between reinforcement bars

h is the overall height of the section

h, is the notional size of the beam

Dyirmp  is the diameter of stirrup

Drobar is the diameter of reinforcement bar

Dr is the diameter of OPBF strand

Vrdmax  is the shear demand at the face of the beam

VE4 is the design shear force

A is the gross area of the section

kn is the coefficient depending on the notional size of the section
€cd is the drying shrinkage strain

Eca is the autogenous shrinkage strain

t is the present age of the concrete in days

t is the age of the concrete (days) at the beginning of drying shrinkage (or swelling)
f is the allowable material strength

u is the exposed perimeter of the section

q is the number of strands per layer of reinforcement

a, B, v, 41 and 1o are the constants of OPBF strand stress-strain constitutive behaviour

The negative environmental impact comes in the form of the removal of the vegetative cover from the quarry area resulting in soil
erosion, not to mention the carbon emission from quarry activities such as ore/aggregate mining, crushing and transportation.

The increasing levels of CO in the atmosphere require urgent attention from all stakeholders in the construction industry. The
building sector consumes over 40% of the total world energy, 25% of the global water resources, 40% of the total global resources and
is responsible for about 33% of the global emission of greenhouse gases [2,3]. Carbon emission from quarrying activities alone is
reported to produce about 20 kg of CO; per 100 kg of aggregate [4]. Despite these glaring statistics, energy expenditure put into the
manufacture of conventional construction materials and building components has also been on the increase [3,5,6]. Therefore the
careful selection of alternative sustainable building materials cannot be overemphasised [2] and hence the need to re-use waste
materials or source new materials which are renewable, environmentally sustainable and that require less energy in their manufacture
[7,8]. This is especially true for developing countries which are already plagued with huge infrastructure deficits [9,10]. Fortunately,
the enormous amounts of concrete wastes and other solid wastes generated annually in these developing countries if properly har-
nessed could translate into viable building materials that are not only cheap but also provide more environmentally friendly options
[11,12]. Research on the incorporation of locally available building materials in the provision of infrastructure has gained significant
attraction over the past three decades. Such materials include solid wastes from construction, agriculture, manufacturing industries,
and municipal life, such as demolition wastes, rubber wastes [12], antimony tailings [13], municipal solid wastes, plastic wastes [14],
agricultural biomass, etc.
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The agricultural sector accounts for a significant amount of annual global solid waste generation with a more than 300% increase in
biomass generation in the last 50 years which is expected to continue to rise as the world’s population exceeds 10 billion by 2050 [4].
Hence management of waste biomass continues to pose challenges,especially in developing countries [15]. In an attempt to get rid of
the waste, an uncontrolled open-burning technique is employed which leaves a large carbon footprint in the environment [1,4,16,17].
Waste biomasses include natural fibres which has been used, in the form of straw, for reinforcing clay bricks since ancient times [18].
However, research on the incorporation of natural fibres in concrete only started in the 1940 s [19,20]. Since then, substantial in-
vestigations have been carried out on the material properties of numerous natural fibres as well as on associated merits and demerits of
their application in construction [3]. Their availability at low cost in many countries around the world, and the recent drive towards
environmental conservation has led to the increase of research activities towards incorporating them in concrete and cement com-
posites, together with increase in demand for building components made of natural fibre-reinforced cement composites [3,19,21]. The
demand is due to their lightweight, reduced thermal conductivity, improved acoustic insulation and economic feasibility. Some of
these components are in the form of cementitious roofing panel and claddings [2,22,23], building insulation [17,24], self-compacting
mortar [21,25,26], polymer composites [27-29], and concrete pavements [3].

Natural fibres that have attracted research attention include (but not limited to) hemp, straw, flax, bamboo, animal hair, cork, coir,
jute, pineapple leaves, bamboo, banana, cotton, sugarcane, grasses, and palms. The incorporation of these fibres has been reported to
improve the durability and mechanical properties of concrete and other cementitious composites [14,30,31]. Arun et al. [17] also
reported a 23% savings in cost by partially replacing cement and coarse aggregates with 15% and 20% fly ash and coconut shell
respectively in geogrid slabs as an alternative to expanded polystyrene geogrid slab. While wastes such as shells, husks and fibres have
been used largely for the provision of discrete reinforcement in concrete, their use as longitudinal reinforcement is non-existent except
for bamboo culms and, only recently, broom strands from oil palm tree.

1.1. Use of OPBF in concrete

The oil palm tree (Elaeis guineensis) is a conglomeration of natural fibre biomass and as such, waste disposal problems exist in
countries with the highest cultivation of oil palm trees such as Indonesia, Malaysia, Thailand, Nigeria, and Columbia [9,32,33]. Total
waste biomass generation from oil palm cultivation activities in Malaysia alone stands at 21.03 million tonnes of pruned fronds, 7.34
million tonnes of empty fruit bunches, 4.46 million tonnes of kernel shells and 7.72 million tonnes of mesocarp fibres [32]. These oil
palm biomasses have attracted enormous research attention except for the leaflet ribs popularly referred to as oil palm broom fibres
(OPBF). Furthermore, while plant wastes such as shells, husks and fibres have been used largely for the provision of discrete rein-
forcement in concrete, their use as longitudinal reinforcement is non-existent except for bamboo culms [34,35] and only recently,
OPBF [9,36].

Until recently, bamboo was the only plant widely studied as longitudinal reinforcement in concrete. The use of broom fibres (or
briskets) from oil palm leaflets as reinforcement for cementitious composites was firstly mentioned in the study of Momoh and Dahunsi
[37] where the broom fibres were weaved in form of meshes and embedded in laterite-based roof tiles as reinforcements. The study
reported over 100% improvement in the flexural capacity of the broom-reinforced roof tiles. This motivated a further study [38] which
provided a characterisation of the OPBF and reported an average tensile strength of 389 MPa. Like bamboo, OPBF was discovered to
have a tensile strength-to-weight ratio of about 5 times that of steel [38]. The use of OPBF in the form of small discrete (50 mm) fibres
as randomly distributed reinforcement in concrete was later studied. Although there were no improvements in the mechanical
properties of the 30 MPa concrete, over 400% increase in flexural toughness was recorded, thereby signalling the possible use of
OPBF-concrete as a low-cost building material for developing countries in seismic regions [39]. Following this study, the bond pull-out
behaviour of OPBF from concrete was investigated with maximum bond strengths of 1.16, 0.95 and 0.82 MPa recorded at 28, 56 and
112 days, respectively [40]. The degradation of bond strength with time was traced to cement alkali-embrittlement of the OPBF surface
at the interface. A subsequent study investigated possible solutions to the alkali-induced fibre surface degradation by investigating
different pre-treatment techniques for the OPBF. The recommended treatment techniques include soaking the OPBF in either 6% NaOH
solution at 48 h at room temperature, or 3% silane for 24 h at room temperature or in hot water (at 100 9C) for 30 min with the tensile
strength of the OPBF increased by more than 30% [41]. Consequently, the embrittlement of the fibres in concrete was also mitigated
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Fig. 1. Simplified conceptualisation of bond stress distribution for hose-clamp fitted reinforcement strand in concrete [36].
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and the bond strength between the OPBF strands and concrete was improved for randomly dispersed fibre reinforcement [42].

However, the reported pre-treatment methods may not suffice should the OPBF strands be used as longitudinal reinforcement for
concrete. This is because of the slippage between fibres within the strands, hence causing the failure of the reinforcing strands to act
monolithically. Therefore, the use of hose clamps was employed in combining the OPBF into strands prior to their use as longitudinal
reinforcement in concrete beams [39]. A schematic representation of a hose-clamp actualised broom strand reinforcement in concrete
matrix is shown in Fig. 1. Aside from the hose clamps aiding the monolithic action of the strand, they also provided shear locking
between the concrete and the reinforcement thereby improving bond strength as well as the overall flexural capacity of the composite.
The use of hose-clamps to enhance the monolithic action of the OPBF reinforcement strands was implemented in the study of Momoh
et al. [36]. The flexural behaviours of unreinforced concrete, OPBF reinforced concrete (OPBF-RC) and steel reinforced concrete (SRC)
prisms were analysed, and recommendations were made for the minimum reinforcement ratio of OPBF longitudinal reinforcement for
lightly loaded beams. Factors such as the relatively low elastic modulus and unique tensile behaviour of the OPBF strands were
responsible for the increased deflection of the natural fibre-reinforced prisms. The study recommended the use of palm strand rein-
forced concrete for building elements under light structural demands like lintels of low-cost residential houses.

1.2. Study significance

Although OPBF strand reinforced concrete is recommended for light beams [36], analysis of practical factors and bespoke con-
siderations affecting the structural design of this unfamiliar composite is lacking. Such factors include the pseudo-plastic tensile
behaviour of the OPBF strands as well as the imperfect bond between the strand reinforcement and concrete. An understanding of these
factors is imperative and would help in the formulation of design guidance and recommendations for the natural fibre-reinforced
concrete beams in ultimate and serviceability limit states. To achieve this aim, the philosophy behind steel reinforced concrete is
discussed and modified to derive adequate procedures for the design of OPBF-strand reinforced concrete (OPBF-RC). Furthermore,
design examples are considered and a comparative analysis of carbon footprints between each designed OPBF-RC section and an
equivalent SRC section is presented.

2. OPBF-strand reinforced concrete
2.1. Flexural behaviour

All OPBF were dried to a moisture content of less than 10% with each broom brisket visually inspected to ensure that they were free
of any defects or damage. The reinforcement strands were then produced by combining individual broom briskets and holding them in
position by steel hose clamps spaced at specified distances along each strand and tightened to a torque of 3.5 N-m. The samples tested
include an unreinforced concrete prism, a steel reinforced concrete prism and 6 palm strand reinforced concrete prisms. All prisms
were of 100 x 100 x 500 mm dimension while the concrete was grade C30. The reinforced samples were singly reinforced with two
bars of the respective material and without shear reinforcement (stirrups). For the OPBF-RC samples, the sample identification reveals
the number of OPBF in each strand, and the spacing of the hose clamps, such that, 120 F-45 s for instance refers to a sample consisting
of 120 fibres with hose clamps spaced at 45 mm centre-to-centre. Fig. 2 presents (a) the steel 6 mm diameter steel reinforcement, (b) a
120 F-85 s OPBF-strand reinforcement, (c) a 120 F-85 s OPBF-strand reinforcement placed in a mould, and (d) sections of the prisms,
Fig. 3 shows a typical tensile and compressive stress-strain curve of an OPBF reinforcement strand with some stress-strain curves for
bamboo and steel for comparison. Fig. 4 shows the 28 days flexural response of unreinforced, SRC and 100 x 100 x 500 mm hose-
clamp enhanced OPBF-RC prisms. Details of the test procedures can be found in the study of Momoh et al. [36].

The tensile response of the OPBF-strand begins with a linear elastic regime until a stress of about 65 MPa after which fibres within
the strand begin to fail thereby leading to a reduction in the elastic modulus until sudden failure occurs at a maximum stress of
200 MPa. This pseudo-plastic behaviour is unlike the linear elastic and sudden failure for bamboo culms used as similar longitudinal
reinforcement for concrete [34,35,48]. The pseudo-plastic behaviour of the natural fibre reinforcement is beneficial for the gradual
failure of the OPBF-RC [9,36]. From Fig. 4, the maximum flexural capacity of the 120 F-45 s sample (reinforcement ratio of 3.49%) can
be approximated to be equal to the maximum flexural capacity of the steel-reinforced concrete (reinforcement ratio of 0.56%).
However, the maximum flexural capacity of the steel reinforced concrete is reached before 1 mm deflection as against over 3 mm
deflection for the OBFF-RC thereby indicating potential serviceability concerns. Furthermore, the serviceability limit of deflection for
steel reinforced concrete beams is measured by comparing the calculated span/effective depth ratio with the specified limit in
Eurocode 2 [49].

Although the span/effective depth ratios for the samples whose flexural responses are presented in Fig. 4 satisfy the code
requirement, the sample dimensions (100 x 100 x 500 mm) may be too small to make recommendations especially on a new rein-
forcement type like the clamp-enhanced OPBF-strands. Generally, the code provides for the maximum deflection limit of 0.4% of the
span which translates to the deflection limit of 1.8 mm for the 450 mm span of the samples tested in the experiments. While the steel
reinforced sample clearly reaches its peak strength before the deflection limit, the OPBF-strand reinforced samples achieved only about
65% of their maximum capacity. Considering the differences in elastic moduli (between OPBF strands and steel) as well as relatively
low bond strength between OPBF and concrete, a fundamental understanding of reinforced concrete design is needed in order to make
practical design decisions for OPBF-RC beams.
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Fig. 2. (a) 6 mm @ steel reinforcement (b) a 120 F-85 s OPBF-strand reinforcement (c) OPBF reinforcement placed in 100 x 100 x 500 mm mould
(d) cross-section and longitudinal section of sample.

2.2. Design philosophy

Unlike steel, concrete possesses poor resistance in tension. Therefore, the concept of reinforcing concrete with steel is such that the
steel is placed in the region of the concrete matrix where tensile stresses are predominant while the concrete is apportioned to resist
compressive stresses. Hence for steel-reinforced concrete, the section is provided with an area of reinforcement to ensure that the
reinforcement yields before concrete crushes in compression so that the section fails gradually in a ductile manner. The ductility of
steel is therefore important to avoid sudden tensile failure [50,51].

In any reinforced concrete structural element, the section is designed using the principles of, (1) equilibrium, and (2) strain
compatibility. From Fig. 1, consider force (T) in the reinforcement at a strain which is below 0.0035 (the crushing strain of concrete),
the force (T) is given as the product of the area of the reinforcement (A) and the stress (f) in the reinforcement. In other words

T = area (A) x stress (f) @™

Eq. 1 may be more accurately written as
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T = area (A) x strain (€) x Young's modulus (E) 2)

The implication of Eq. 2 is that, for the equivalent force in steel reinforced concrete (T) to be developed in OPBF-RC, the area of
OPBF-strand reinforcement (A7) needs to be increased due to the relatively lower elastic modulus of OPBF. The proportion to which At
needs to be increased depends on the steel — OPBF modular ratio (). The modular ratio can be defined as:

n= Eea 3)
E iy

From the study of Momoh et al. [36], the elastic modulus of the OPBF-strand (Ey,) is about 26 GPa. Adopting a range of 20 —
26 GPa results in a range of modular ratio of 7.7 — 10. On the other hand, a larger value of T can be obtained by allowing a larger strain
(e) value, but serviceability requirements of deflection and cracking would not be satisfied. So, the reasonable option would be to
increase the value of A7. The area of OPBF reinforcement Ar can be increased by adding more layers of OPBF reinforcement, but again,
there is a concern. Adding more layers of the OPBF reinforcement reduces the depth of the neutral axis which means that the effect of
A7 on developing the full magnitude of T may be reduced especially as reinforcement layers closer to the neutral axis may not be fully
mobilised.

For serviceability, Eq. 2 can be viewed in terms of the axial stiffness of the reinforcing material by keeping the strain constant such
that:

T=¢exArE- 4

Here the axial stiffness term A7E provides the bridging action against cracks and hence controls deflection of the structural element.
To achieve a commensurate performance of SRC, i.e., by reducing deflection and cracks, again, Ay needs to be increased. The maximum
limit to which A7 can be increased would determine the limits of the reinforcement ratio.

For conventional SRC, the limits of reinforcement for a given section are specified to enhance the yielding of the reinforcement,
thereby avoiding sudden brittle failure of the SRC composite. By so doing, the reinforcement creates redistribution of the stress in the
concrete which delays localised cracking, and as a consequence, sudden brittle failure of the composite is prevented. In Eurocode 2
[49], the required minimum reinforcement for a steel reinforced section is 0.13% of the cross-sectional area. From preliminary findings
shown in Fig. 4, at the ultimate limit state of maximum flexural capacity of 40 kN, the reinforcement ratio of the OPBF-RC section was
3.49% (i.e., the 120 F-45-28d sample), while that of the SRC section was 0.56%. In other words, to achieve a maximum capacity of
40 kN, the OPBF reinforcement ratio should be set to 3.49%. Similarly, an equivalent load capacity would be achieved with a steel
reinforcement ratio of 0.56%. By direct proportion, the minimum reinforcement ratio of 0.13% stipulated by Eurocode 2 [49] for SRC
sections would translate to a minimum reinforcement ratio of 0.81% for OPBF-strands sections. However, after careful consideration of
Fig. 4, this study recommends a minimum reinforcement ratio of 2.33% for OPBF-strands (i.e., the 080 F samples) to avoid excessive
localised cracking. The difference between the minimum reinforcement ratios by direct proportion and the recommendation from the
experimental results of this study can be traced to the relatively low bond strength between the OPBF reinforcement and concrete. In a
comparison presented in the previous study [40], the 28 days bond strength between plain OPBF strands with 80 mm embedded length
is about 40% of the 28 days bond strength of TMT steel with 150 mm embedded length reported in the study of Kute and Wakchaure
[52]. For clamp-enhanced OPBF-strands, results show a maximum bond strength of 1.6 MPa for an embedded length of 80 mm. This
bond strength is about 55.7% of that of steel reinforcement bars with concrete reported in the study [40]. Clearly, reduced bond
strength would require the value of At to be further increased if the performance of the section in terms of serviceability is to match an
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equivalent SRC section. Concerns around bond stress also imply that the usual strain compatibility conditions assumed for SRC may not

apply.
Other significant problems that would arise with an increase in A7 (in a bid to adopt a steel reinforcement concrete approach) are:

e difficulty in reinforcement detailing and,
o difficulty in controlling excessive localised cracking, especially because OPBF reinforcement is of a lower modulus of elasticity than
concrete. This implies that concrete would firstly crack before stress is transferred onto the reinforcing OPBF-strands.

Consequently, a Hybrid Section consisting of OPBF longitudinal reinforcement and conventional steel stirrup is recommended. It is
asserted that the steel stirrups would be effective against shear cracks and deflection. Secondly, an Allowable Stress Design meth-
odology is proposed for the ultimate limit state while a detailed analysis is required for deflection checks. Higher deflections for the
natural strand reinforced concrete implies that an in-depth analysis of deflection is required because deflection will be critical to the
design.

3. Design of OPBF reinforced concrete beams
3.1. Serviceability limit state

3.1.1. Deflection calculation

Eurocode 2 [49] provides guidelines on how to satisfy the serviceability limit state of deflection by either direct calculation or by
providing for a specific limit of span/effective depth ratio. The latter method is easier and widely used with SRC but may not be
suitable for OPBF-RC due to the following reasons:

e From Table 7.4 N of Eurocode 2, the definitions of “highly stressed” and “lightly stressed” concrete may not apply to OPBF-RC due
to the relatively lower elastic modulus of the OPBF strands, lack of strain compatibility between concrete and reinforcement, and
the relatively lower bond strength at the OPBF-concrete interface. Hence the span/effective depth limits specified for each class
may not suffice.

e The specification of span/effective depth limit as a condition for deflection for SRC is borne out of robust data from numerous
experiments and parametric studies spanning hundreds of years. Studies on OPBF-RC are very recent with limited data available.

Due to the nascent stage of the study of OPBF-RC, an allowable stress method is proposed, and a direct calculation of actual de-
flections of the OPBF-RC beams is recommended. Deflection calculation is carried out to determine the curvature of sections under
loading with respect to creep and shrinkage.

Consider the idealised beam of span (L) pinned-supported at both ends with a constant moment M over the whole span in Fig. 5.

Under the elastic beam theory,

d*y
M, = EI ] (5)

while deflection () at any section can be given by:

M (¥ Lx
“E <E - 7) ©
At midspan (i.e., at x = L/2) the maximum deflection is given by:
M I?

5max - E < - g) (7)
Recall that curvature (1/r) can be expressed as:

1 M

—= (8)

yT ‘foM
|
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R Y
|
e ]
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Fig. 5. Idealised pin-ended beam with constant moment.
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Substituting Eq. 8 in Eq. 7, the maximum deflection can be generally written as:

1
Smax = - kL? (C)]

where k is a constant determined from the loading scenario and in this case, k = 0.125. Eq. 9 is a generic expression for deflection
which is handy as soon as the value of k is determined. For example, the maximum deflection of a simply supported beam of span (L)
loaded throughout the span with a uniformly distributed load (w) is given as:

SwL*
Omax = 384E] (10a)
Eq. 10(a) contains the maximum moment (M) occurring at midspan which is given as:
LZ
m=" (10b)
8
Expressing Eq. 10(a) in form of the generic Eq. 9 gives:
wL? 5
max = G 7 o Lz 1
Omax = g7 X 48 X (10¢)

From the right side of Eq. 10(c), the value of k is 5/48 or 0.104. Similarly, the k value of any loading arrangement on a beam can be
determined from its maximum deflection equation.
The general limits for deflection provided in Eurocode 2 [49] are:

(a) Span/250 for beams, slabs, or cantilevers.
(b) Part of deflection that occurs as a result of applying finishes or partitions should not exceed span/500.

These provisions ensure that it is accurate to use the average curvature of the cracked and uncracked sections.

3.1.2. Calculation of curvature

Section 7.4.3 (3) of Eurocode 2 [49] requires that any one of the three deformation parameters of strain, curvature or rotation must
be determined. In this study, curvature is the chosen deformation parameter due to its ease of determination. Eurocode 2 requires that
the curvatures of the section in both its cracked and uncracked states are calculated. Then an estimate of the average value of curvature
is obtained using Eq. 11 [49]:

Ly <1> -0 <1> an
r r or r ue

where 1/ris the average curvature, ¢ is a distribution coefficient given by 1 — f(c/05)> allowing for tension stiffening, and 4 is the load
duration factor (1 for short term load; 0.5 for sustained loads or cyclic loading). Eurocode 2 states that the parameter (o, /05) can be
replaced by M.,/M, where o; is the stress in the tension steel for the cracked concrete section, and o, is the stress in the tension steel calculated
based on a cracked section under the loading that will just cause cracking of the section. It is necessary to calculate the average value of both
the cracked and uncracked sections because although cracks are inevitable for most concrete beams, the member may not behave as a
fully cracked section.

3.1.3. Curvature due to creep and shrinkage
Creep will increase deflection with time, so an effective Young’s modulus of concrete E. . is used for the calculation:

Erm

(14 ¢(o0,10)) (12)

E.of =

Where ¢ is the creep coefficient (i.e., creep strain/initial elastic strain). Typical values of the creep coefficient are provided in Eurocode
2. In like manner, the effects of shrinkage will increase the deflection. Curvature due to shrinkage (1/r) is given by

1 - EcsApS

Tes 1 13)

where ¢ is the free shrinkage strain, S is the first moment of area of reinforcement about the centroid of the section, I is the second
moment of area of section (whether cracked or uncracked, whichever is appropriate, and n. is the effective modular ratio (Es/Eceff).
The procedure for the calculation of deflection can therefore be summarised below:

e Creep due to loading

- Calculate curvature due to uncracked section

10
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- Calculate curvature due to cracked section
- Calculate the average of the cracked and uncracked curvature (i.e., average curvature).

o Shrinkage due to loading

- Calculate curvature due to uncracked section
- Calculate curvature due to cracked section
- Calculate the average of the cracked and uncracked curvature (i.e., average curvature)

e Calculate deflection

Deflection = (curvature due to loading + curvature due to shrinkage) x kLZ,
where, k is a constant depending on the pattern of loading.

3.2. Ultimate limit state

As discussed in Section 3.1, an allowable stress method of design is recommended for OPBF-RC. Therefore, consider a model cross-
section as shown in Fig. 6.

Similar to reinforced concrete design, the following assumptions are made: (a) plane sections remain plain, (b) the contribution of
concrete to tensile stresses is negligible, (c) the bond between reinforcement and concrete remains constant with time, and (d) member
is prismatic. Let n be the modular ratio and At the area of OPBF-strand reinforcement, then:

P =14 14

where b is the breadth of the section, p is the reinforcement ratio and Ar is the area of OPBF reinforcement. By transforming the area of
reinforcement:

nAr = npbd (15)

The compressive force in concrete (F.) can be written as:

1
F. =3 fibad (16)

where f; is the compressive stress in concrete, b and d is the breadth and effective depth (respectively) of the cross-section, and « is the

neutral axis depth factor. To determine the depth of the neutral axis (x = ad), take the moment of areas about the designated arbitrary
neutral axis (x) shown in Fig. 6:

ad
blad) == npbd(d — ad) a7)
Expanding Eq. 17 gives:

2bd2 2 2

@ + a(npbd®) — npbd® =0 (18)

Dividing both sides of Eq. 18 by ‘bd?’:

1
azi +a(np) —np=0 (19

° v nAr
[ ]

) Fr

strain stress

Transformed Area

Fig. 6. Cross-section illustrating elastic stress and strain blocks of model OPBF-RC beam.
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Solving a as the subject of Eq. 19 gives

a=1\/(np)* +2np —np (20)

Therefore, depth of neutral axis (x) would be

x = (\/(np)* + 2np — np)d (21)

From Fig. 6, moment capacity due to OPBF-RC section can be determined by taking the moment of the force in strand reinforcement
(M7) about the centroid of the concrete in compression as:

My = Frpd (22)
where
a
p=1-3 (23)

And the tensile stress in the strand reinforcement (fr) can then be written as:

My
fr= 4 gd (24)
Also, from Fig. 6, the moment capacity due to concrete (Mc) above the neutral axis can be defined as:
M. =F,pd (25)
Substituting for F, from Eq. 16 into Eq. 25:
Table 1
Summary of allowable stress design examples 1, 2, and 3.
Design Example 1 2 3
Span (mm) 1300 4000 3500
Maximum design moment (kNm) 26.7 103.0 70.4
Preliminary sizing 2.88% < p < 10% 4.6 8.6 4.8
1.5b <h <3b b (mm) 200 230 230
h (mm) 400 690 550
d, (mm) 320 530 450
Modular ration — Eopbs 0.813 0.839 0.926
‘concrete
Depth of neutral axis (mm) 320 167.48 116
x = d(\/(np)* + 2np — np)
Lever arm (mm) 162.4 411.3
p=010-(a/3)).d,
Stress in concrete (MPa) 12.90 11.32 12.83
< 0.45f¢,
Stress in OPBF strand 37.55 20.67 34.23
< 165 MPa
Provided reinforcement 6 X 25071 15 x 30@1 6 X 3501
(strand) area (mm?) Ar, prov = 2944 mm? Ar, prov = 10598 mm?> At,prov = 5767 mm>
Check spacing between strands 47.5 47.5
> 25 mm
Provided nominal T8 @ 250 mm spacing T8 @ 300 mm spacing T8 @ 300 mm spacing
shear reinforcement (mm?) Agy = 100 mm? Agy = 100 mm? Ag, = 100 mm?
Calculate deflection < span/250
Curvature due to creep 1.16 x 10° /mm 5.722 x 10° /mm 1.985 x 10° /mm
1 1 1
n (2, 00 (),
Curvature due to shrinkage 6.71 x 10° /mm 4.850 x 107 /mm 1.665 x 10° /mm
1 1 1
Tes {E(r) cs(er) a9 <r> cs(uc)
Total curvature 1.68 x 10° /mm 9.753 x 10 /mm 3.649 x 10 /mm
1 1 1
).+ (),
Deflection coefficient (k) 0.103 0.100 0.104
Midspan deflection (mm) 2.93 15.61 4.65
1, 5 (< 5.2 0K) (< 16 OK) (<14 OK)
Smax = ;k_L :

12
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Preliminary sizing of section

Calculate : Calculate Modular ratio, n
Maximum Moment :> 288 %<p<10% n= Eopoy
15=b<3 Econcrete
1 ~ = T
Determine the depth of the neutralN
START axis (v)
f; > c,max = 2 —
> frmas a= - (np)?+2np — np
x = d(y/(np)? + 2np — np)
Calculate stress in concrete and 4 \
compare with allowable (0.45f:.,)
<:| Determine the lever arm (fd)
__ M Note: f=1—(a/3)
fe = b Gaay. pay < 04> ema
- J g
sc <25 mm
ﬂ Fi< fomas

Calculate stress in OPBF strand
and compare with allowable

/’:>[:> (0~67fT,mux )
fT = A’rﬁd < 0'67fT,max
ﬂ f‘T < fT,max
Not END
OK .
Check whether the bar can be placed within
selected width of the cross section, ﬁ
= b — (2cover + ZIDitmup +q.9r) o 25 mm
- Calculate number of
OPBF required,
F=1.456". Ar

ﬂsc> 25 mm ﬁ

Provide steel stirrup for

Calculate deflection and check |:> . Provide section
against span/250 shear using Eurocode 2 :> detailing
OK procedure

Fig. 7. Design flowchart for OPBF-RC beams.
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1
M. = fib(ad)(pd) (26)
Similarly, compressive stress in the concrete (f;) can be expressed as:

2M,
Jfo= b 27)

(ad)(pd)
3.3. Design scenarios
From the allowable stress methodology and equations derived so far, the following calculations are possible:

e Determining the maximum moment to which the OPBF-RC beam will be subjected, and providing a section based on the calculated
moment,

e Checking the adequacy of an already provided section and,

e Determining stress levels in OPBF strands.

A summary of the design procedure is presented in Section 3.4. Design examples have also been carried out to illustrate the 3
scenarios and are presented in Table 1, while the detailed calculations are contained in Appendix-2.

3.4. Design guidance summary
The following guide can be used for determining the moment capacity or calculating the adequacy of a section.

(i) Assume a reinforcement ratio in the following range 2.88% < p < 10%. Recall Eq. 14 where p = A7/bd. Detailing will become
difficult beyond a reinforcement ratio of 10%). The following ratio is also recommended for determining the width (b) of the
section: 1.5b < h < 3.2b.

(ii) Determine Modular ratio n = Eawtr_ \where Eopby is the Young’s modulus of the OPBF strands.

Econcrete’

(iii) Determine the depth of the neutral axis (x = ad) from Eq. 21.
(iv) Determine the lever arm (fd) from Eq. 23. Note that =1 - (a/3)
(v) Calculate stress in concrete and compare with the allowable stress (0.45f.x)
(vi) Calculate stress in OPBF strand and compare with the allowable stress (0.67fr, where fr = 200 MPa)
(vii) Check whether the bar can be placed within the selected width of the cross-section,
b— (2cover + 2®Pgipryp + q(br)

sc = (28)
qg—1

where b is the width of the section; @;myp is the diameter of the stirrup; q is the number of bars per layer of reinforcement; @ is the
diameter of OPBF-strand. It is recommended that sc > 25 mm. Eq. 28 is adapted from the ACI 361 code [53].
(viii) Calculate the number of single OPBF (F) required to obtain the reinforcement area (A7) [36],
F=1.456" Ar;
where F is the number of single OPBF required for the calculated area of reinforcement Ar.
(ix) Provide nominal steel stirrup for shear.
(x) Calculate deflection and check against the Eurocode 2 limit of span/250.

The design guidance shown presented in Section 3.4 can be summarised into the flowchart presented in Fig. 7.
3.5. Design examples
3.5.1. Design scenario 1

Design an OPBF reinforced concrete rectangular lintel beam to resist the loading arrangement of Fig. 8. Characteristic strengths of
concrete (f;) and OPBF strand (fr) are 40 MPa and 200 MPa respectively. (Take E. = 32 GPa and E,ps = 26 GPa, use a material reduction

56.3 kN 56.3 kN

N | |
A C D

k— 475mm ——k— 350 mm —k—— 475 mm —

Fig. 8. Lintel beam showing loading arrangement.

o8]
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factor (Y) of 1.5 for OPBF strand). Assume that construction props will be removed at 28 days.

3.5.2. Design scenario 2

A concrete lintel with an effective span of 4 m supports a 230 mm brick wall as shown in Fig. 9. The loads on the lintel are Gk
=100 kN and Qk = 40 kN. Determine suitable dimensions for the lintel if a 30 MPa concrete is used. (Take E. = 31 GPa and Egppy =
26 GPa).

3.5.3. Design scenario 3

Design a simply supported OPBF-RC beam with span 3.5 m subjected to a uniformly distributed imposed load of 40 kN/m (Fig. 10).
Assuming a beam dead load of 6 kN/m, and using the following allowable material strength, f. = 13.5 MPa, fr = 50 MPa, E. = 27 GPa
and Epyr = 25 GPa. Design for the most critical section and determine the cracked moment capacity of the section after design.

A summary of the designs is presented Table 1, while the designed beam sections are shown in Figs. 11, 12 and 13 for design
examples 1, 2 and 3, respectively with detailed calculations shown in Appendix-2. The OPBF-RC sections have also been compared
with equivalents steel-RC sections.

Having carried out the design procedures, another area of practical concern for OPBF-RC would be aggregate sizing. Due to the low
elastic modulus of OPBF strands, the area of reinforcement needed will be unusually high and concerns for compaction of concrete
arises. It is therefore recommended that the maximum aggregate size is 10 mm to allow for proper compaction of concrete during
placement. Consequently, the minimum spacing between bars should be greater than 25 mm or the bar diameter (whichever is the
greatest). The minimum cover should not be less than the diameter of OPBF strands in order to adequately protect the strands. Other
parameters to consider include the effect of the spacing of stirrups and the spacing of hose clamps on the flexural response of the full
scale OPBF-RC beams.

Although experimental data is not yet available for full scale flexural elements of OPBF-RC, the finite element modelling procedure
(i.e., concrete damage plasticity CDP) was used for the parametric study. The modelling was first validated using 100 x 100 x 500 mm
OPBF-RC prisms.

4. Finite element modelling
4.1. Modelling of concrete

The concrete damage plasticity (CDP) concept, popular for modelling concrete, was used for the finite element (FE) modelling of
the OPBF-RC and was implemented in Abaqus finite element software. The CDP concept requires the formulation of a single consti-
tutive model incorporating both tensile and compressive failures, with appropriate values of the relevant parameters [54]. In other
words, both compressive and tensile behaviour of concrete and OPBF strands need to be defined [55,56].

The modelling of compressive behaviour of concrete requires the definition of compressive stresses (f,), and inelastic strains (¢™).
The experimental average compressive strength of 100 mm cubes of concrete together with the analytically derived strain at maximum
compressive stress were used to derive the compressive stress — inelastic strain data that were imputed in the Abaqus software. For the
analytical compressive strength data, the Ritter’s parabola, with an ascending part defined by Eq. 29 and the descending part defined
by Eq. 30, was used.

, f e ( € )
or 0 < e <¢g: +—=2-1-— (29)
f fcu £, 28{7
fore << em: L=1- 0.15(ﬂ) (30)
Jeu Eu — €,

where f, is the maximum uniaxial compressive strength and ¢ is strain, ¢, is the corresponding maximum strain defined by Eq. 31.

Assumed load

= distribution

.-/u;/’l/ If\w-._

< 4m effective span

Fig. 9. Lintel beam showing assumed load distribution.
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(40+6) kKN/m

Y v vy oV ovovvoyvovovlvV
Al ]B

A 2

| 3500 mm |

Fig. 10. Sketch of uniformly loaded simply supported beam.
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2716 =402 mm?
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Fig. 11. Section provided for Example 1.
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T e e e -
e o o | —
e o o
e o o

2 courses of
I blockwork
3 courses of
blockwork

Designed OPBF-RC
Section

Equivalent SRC

Section

Fig. 12. Section provided for Example 2.
£ = (0.71f,, +168) x 107 (31)

The yield stress was taken as 45% of the compressive strength (f,) derived from the compressive strength experiments [57-59]. In
other words, the inelastic response of the concrete commenced at the yield stress as illustrated in Fig. 14 [36]. The total strain (e,) is
the sum of the elastic strain & and the inelastic strain ¢ as defined in Eq. 32.

Ecu = g,e,l + ein (32)
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Fig. 13. Section provided for Example 3.
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Fig. 14. Simplified analytical stress-strain curve for concrete under uniaxial compression.

where
=t (33)
0

and E, is the Young’s modulus of the concrete.
The tensile behaviour of the concrete was modelled as a linear elastic ascending regime and an exponential decay regime (See

Fig. 15) [58]. The exponential softening response was adopted such that:
34

f()r & < &t ft =E,¢

0.4
for & > €, : f{—’u: <8€—T) (35)

Where ¢, is the strain value along the tensile stress-strain curve and ¢ is the cracking strain of the concrete [60]. The average
maximum tensile strength (f) of 3.5 MPa from the experimental split-tensile strength test on 100 ¢ x 200 mm plain concrete cylinder

samples, was used to generate the finite element tensile stress-strain data of the concrete.
Two (2) non-dimensional damage parameters (dr) and (d.), were defined to govern the tensile cracking and compressive crushing
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Fig. 15. Simplified analytical stress-strain curve for concrete under uniaxial compression.

of the concrete, respectively such that “d = 0” occurred in the elastic range and “d = 1” occurred at complete failure of the material.
The damage parameters are defined in Eqs. 36 and 37.

d=1-1 (36)
Je

do=1-2 37
Seu (37)

where f; and f, are the tensile and compressive stresses, respectively, at any given point beyond the maximum stress f,. The damage
curves employed for both concrete and OPBF strands are shown in Fig. 16.

In order to ensure a good degree of accuracy, the concrete was first modelled and calibrated against the compressive, tensile and
flexural behaviour of the laboratory samples. The FE models with dimensions consistent with the experimental samples of 100 mm
cubes, 100 ¢ x 200 mm cylinders and 100 x 100 x 500 mm prisms were discretized using 8-noded-brick elements with reduced
integration (CD8R). The model parameters were then calibrated using through the Static, General (Full Newton) procedure in Abaqus.
A comparison of the crack patterns as well as the stress-strain curves of the FE-models with the experimental curves show good
agreement (see Fig. 17), thus indicating that accuracy of the selected CDP parameters. In Fig. 18, it can be observed that the post peak
behaviour of the experimental curve does not match well with the numerical curve. But in fact, it is the experimental post-peak
behaviour that is exaggerated due to the metal frame housing the LVDT device which prevented the sudden drop of the flexural
stress after the cracking of the prism. The calibrated plain concrete models were then used to model the OPBF strands — reinforced
concrete using quasi-static (dynamic, explicit) procedure [55]. The OPBF strands were similarly modelled using the CDP method with
8-noded-brick elements with reduced integration (CD8R). The stress-strain data for compression and tension for the concrete models

1
°
0.8
2,06 »
g —h compresswn—concrete
S 1 -
N 04 —>— tension-concrete
-=-@-- compression-OPBF
0.2 —+— tension-OPBF
0

0 0.005 0.01 0.015 0.02 0.025
Inelastic strain

Fig. 16. Finite element damage curves of concrete and OPBF strands.
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Fig. 17. Comparison of crack pattern of plain concrete FE-model with experimental sample (a) compressive strength (b) splitting tensile strength (c)
flexural strength test.
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Fig. 18. Comparison between experimental and finite element flexural strength curves of 100 x 100 x 500 mm plain concrete prism.
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Fig. 19. Tensile streass-strain curve for clamp-enhanced OPBF strands.
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used as inputs in Abaqus are presented in Appendix -1.
4.2. Modelling of OPBF strands

The use of the CDP approach for modelling tension reinforcement in concrete is very recent but provides good accuracy [36,61].
Similar to the CDP modelling of concrete, a simplified stress-strain relationship was observed from the tension and compressive test
experiments of the OPBF strands (see Fig. 3) and this relationship was used to formulate the constitutive equations. From the tensile
strength curves of the strands (in Fig. 3), the stress-strain relationship was characterised by three regimes: the ascending (elastic), the
inelastic, and the linear damage regimes (also see Fig. 19), and are represented by Egs. 38, 39 and 40, respectively [36].

for 0 < & < €, f; = E,re (38)
Ep < e<er:ff=ae+Pety (39)
er < €< éen:f=he+h (40)

Where ffr is the maximum uniaxial tensile strength, e is the corresponding strain and «, f, y, A1 and 1, are constants. The inelastic
strain ¢ is defined as the strain beyond which the strand changes from elastic response to inelastic response. The yield stress of the
OPBF was determined as 25% of the maximum experimental tensile strength (f;7) as shown in Fig. 3 (also see Fig. 19) while the total
strain tensor ey is the sum of the elastic strain sf;} and the inelastic strain &f in a5 defined in Eq. 41 [36].

e = €5 + € (41)
where

e = ]fz—f/ (42)
and

Ef = (1—dgy)Ey 43)

where E,r and Ey are the Young’s modulus before and after the peak stress of the OPBF strands, respectively. Similar to the modelling
approach for the concrete, a simplified relationship between stress at any given point (fy) beyond the maximum stress (fr or f.7) and a
non-dimensional damage parameter for tension (d7y) and compression (d;s) are defined as Eqs. 44 and 45, respectively [36].

1
dy=1-" 44
1 n 44
f
d,=1-—=1
of 1 ch (45)

For the compressive behaviour modelling of the strands, the stress-strain relationship was simplified into two regimes: the elastic
part and the descending/strain hardening decline (see Figs. 3 and 20) and defined by Eqs. 46 and 47.

for 0 < & < €, : fr. =Eye (46)
A
Sre [ ‘
Elastic !
= . :
& region / |
> | Descending
) \q 4 3 (damage)
2 P
2 s
A boc i
§ (1 - ch)Eoc
€ oc &cT
l€ )l » N
D Eoc T 8(”1 !
Strain ¢

Fig. 20. Compressive stress-strain curve for clamp-enhanced OPBF strands.
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e < €< &r: fr=ae 47)

All the other parameters such as dilation angle (), eccentricity (¢), the ratio of concrete strength in biaxial compression to uniaxial
compressive strength (fpo/fc0), and viscosity parameter, previously adopted for concrete modelling were used (see Table 2).

4.3. Modelling of bond between concrete and OPBF strand

The interfacial interaction between the strands and concrete was carried out through surface-based cohesive contact modelling
[62]. This type of modelling is suitable for problems where the bond strength at the interface is relatively weak compared to the tensile
and compressive strengths of the materials in contact [63] as well as where the thickness of the interface is negligible [64,65]. The
modelling procedure assumes a traction-separation constitutive relationship and contact is defined as a surface interaction property
rather than a material property, hence reducing computational efforts [66]. The linear post-damage softening of the strand-concrete
interface was defined as a non-dimensional damage evolution criterion D which evolves from 0 to 1 beyond the peak bond stress (see
Eq. 48) [67].

o” = (1-D)o; (48)

Where, U? is the contact stress after damage initiation and ¢; is the contact traction at normal and shear directions (i).

The OPBF strands were assumed to be circular in cross-section while the hose clamps were modelled using C3D8R elements as rings
with rectangular projection. A perfectly plastic mild steel with a yield strength of 350 MPa and a modulus of elasticity of 200 GPa was
adopted for the clamps. To avoid surface penetration between the strands and concrete, “hard contact” was defined in the normal
direction. The concrete beams were modelled with holes having diameter the same as that of the strands. The strands were then
inserted to an embedment length of 80 mm just as in the experiments. While the relative motion at the concrete-OPBF interface was
chosen as “small sliding” [40], the clamps were constrained as “embedded region” within the concrete. To simulate the pull-out of the
strands, “encastre” boundary condition was applied over the concrete while a displacement of 25 mm was applied onto the free end of
the strand. Fig. 21 (a) show the bond pull-out samples after the experiments, Fig. 20 (b) illustrates the clamp and bond pull-out FE
model, and Fig. 20 (c) compares the simplified bond pull-out model with the experimental bond pull-out of 6 samples.

After the calibration of the bond model, a 100 x 100 x 500 mm OPBF-RC prism with a reinforcement ratio of 3.49 and with the
strand hose clamp spaced at 45 mm c/c was modelled (see Fig. 22). Fig. 22 further shows that there is good agreement between the
mechanical behaviour of the experimental model and that of the simulations. After this calibration of the mechanical properties of the
concrete and OPBF strand models as well as the interfacial bond interaction, the parametric study was carried out.

4.4. Parametric studies

The parametric study was carried out to investigate the effect of clamp spacing, and stirrup spacing on the flexural capacity and
failure mode of a 150 x 220 x 1300 mm concrete beam model reinforced with the OPBF strands. Fig. 23 presents details of the strand
reinforcements and dimensions. From the experimental study, 3.49% of OPBF reinforcement ratio is equivalent to 0.56% steel rein-
forcement in terms of maximum flexural strength. By direct proportion, a 150 x 220 mm singly reinforced SRC section with 2-914 mm
bars (0.93% reinforcement ratio) would translate to the same section reinforced with 6-920 mm OPBF strand reinforcement (5.71
reinforcement ratio) as shown in Fig. 23. For the steel reinforced model, tie constraint was defined between the reinforcement bars and
concrete which assumes that there is no slip between concrete and the reinforcement, while a cohesive surface, consistent with the FE
bond modelling in Section 4.3, was defined for the concrete-OPBF interface. A stirrup spacing of 200 mm centre-to-centre was adopted
for the steel reinforced section. Fig. 24 presents the flexural response of the SRC beam model and that of an equivalent OPBF-RC model.

While the moment at first crack for the SRC beam model is 14.64 kNm, the first crack for the OPBF-RC beam model occurs at
9.79 kNm. The early cracking in the OPBF-RC model is due to the lower modulus of elasticity of the reinforcement, thereby making the
concrete the stiffer path for load transfer. The onset of cracking redirects the load path to the OPBF reinforcement, thereby increasing
the moment capacity of the section. The moment-deflection curve of the SRC beam model is however steeper than that of the OPBF-RC
model due to the higher Young’s modulus of the steel reinforcement and better bonding between the steel bars and concrete. At the

Table 2

Material properties and CDP parameters of concrete and OPBF strands.
Property Concrete OPBF strands Reference
Density (kg/m>) 2340 840 This study
Young’s Modulus E (GPa) 32.2 26.6 This study
Poisson ratio 0.15 0.4 This study
Dilation angle y 35° 35° [36]
Eccentricity € 0.1 0.1 [36]
Foo/feo 1.16 1.16 [36]
K 0.67 0.67 [36]
Viscosity Parameter 0 0 [36]
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Fig. 21. (a) Samples after bond pull-out experiment (b) Bond-pull-out model (c) Bond pull-outs curves from experiments (continuous lines) and
finite element bond pull-out curves (bilinear broken line).

deflection limits of span/500 to span/250 specified by Eurocode 2, the moment capacity of the OPBF-RC model is only about 70%
(32.48 kNm) of that of the SRC model (45.05 kNm). Although the ultimate moment capacities of both models are comparable, the
OPBF-RC would undergo about thrice more deflection to achieve this maximum moment capacity, which is similar to the flexural
response of the 100 x 100 x 500 mm prism specimen from experiments (see Fig. 4).

The effects of parameters such as stirrup spacing, and clamp spacing on the crack pattern and flexural response of OPBF-RC were
also investigated using the developed FE-model. Fig. 25 shows that the effect of stirrup spacing on the flexural performance of the
OPBF-RC model is negligible. The model without stirrups shows a lower moment capacity after 2 mm of midspan deflection. The crack
paths (Fig. 26) show a predominant bending (flexural) crack pattern gradually evolving into major shear cracks as the stirrup spacing is
increased from 100 mm to 300 mm. For the 300 mm spacing, more shear cracks appear and travel from the bottom to the top of the
section without being bridged by stirrup action. For the model without stirrups, no resistance to shear cracks is provided and hence, the
beam fails in a predominantly shear mode. Fig. 27 shows that with an increase in the clamp spacing, the flexural capacity of the OPBF-
RC is reduced. The reduction in flexural capacity is due to a reduced stress transfer between the OPBF strands and the concrete.
Without clamps, the bonding between the strands and concrete would be poor and failure will be sudden with a few large cracks as
revealed in Fig. 28. Hence a maximum clamp spacing of 350 mm is recommended.
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Fig. 22. (a) Concrete prism after 4-point flexural strength test (b) Clamp-enhanced OPBF strand reinforcement (c) Finite element model of concrete
prism showing crack pattern (d) Comparison between experimental and finite element flexural strength behaviour.

4.4.1. Effect of stirrup spacing on flexure

The design for shear as shown in Table 1 implies that shear is not critical for OPBF-RC beams. This is due to the relatively low
modulus of elasticity of the OPBF strands. The FE results also show no benefit of employing stirrup spacing of less than 300 mm under
service loads. However, at the ultimate flexural capacity of the beam, crack patterns transit from predominantly bending cracks (for
100 mm stirrup spacing) to shear cracks (for the 300 mm stirrup spacing). No improvement was observed in ultimate flexural strength
with or without stirrup although improvement in shear crack control due to the presence of stirrups can be noticed (see Figs. 26 and
27).

4.4.2. Effect of clamp spacing on flexure

Without hose clamps, there would be unrestricted slip between adjacent fibres making up the strands. The procedure used in the
study of Momoh et al. [40], although improved bond strength, may not provide a rigid system of reinforcement for a load-bearing
structural element. The flexural response in Fig. 28 indicates that hose clamps spacing should be limited to 350 mm. The natural
length of OPBF, which is between 500 mm and 1200 mm [39], also implies that a clamp spacing greater than 350 mm may restrict the
use of shorter fibre strands. Hence a clamp spacing of 350 mm is recommended for OPBF-RC beams.

5. Economic and environmental considerations
5.1. Economic comparison

A comparison between the OPBF-RC and equivalent SRC beams as shown in design examples 1, 2 and 3 was carried out in terms of
actual monetary costs of the beams and the amount of carbon dioxide emission to the environment. The beams are assumed to have
been constructed in rural North Central Nigeria where the average cost of a cubic metre of concrete is about £ 52.58, and a hose clamp

is £ 0.018. It is assumed that OPBF is sourced for free from oil palm waste biomass. Table 3 provides a summary of the quantities and
cost calculations. Although there was about 35% average reduction in the volume of concrete for the OPBF-RC, some of the savings in
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Fig. 23. Beam details used for the parametric study.
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Fig. 24. Comparison between OPBF-RC beam FE-model and SRC FE-model.

cost were negated by the use of hose clamps. But over 10% cost in savings can still be achieved. A more economic design can be
achieved for the OPBF-reinforced concrete beam in design example 3 by reducing the concrete section.

5.2. Short-term carbon footprint assessment

The comparison between the OPBF-RC and equivalent SRC beam sections as shown in design examples 1, 2 and 3 in terms of carbon
dioxide emissions was divided into two sections: Carbon dioxide emission associated with (1) material manufacture, and (2) material

transportation.
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Fig. 27. Effect of hose clamp spacing on flexural response of OPBF-RC beams.

5.2.1. CO; due to material manufacture

Carbon emissions from the production of concrete, steel and OPBF were assumed as 173 kgCOz/m3 [68], 1.9 kgCOy/kg [69] and
0.0 kgCO,/m? respectively. Using the quantities calculated in Table 3 for design examples 1, 2 and 3, the quantities of COo emission
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Table 3
Summary of quantities and cost calculations from design examples.
Design Example  Volume of concrete in m® % Difference Cost of reinforcement (£) Total cost (£) %
(Cost of concrete in £) in concrete volume savings
OPBF strand RC ~ Equivalent Steel RC OPBF strand RC Equivalent SRC  OPBFRC  Steel RC
1 0.1002(5.27) 0.0645(3.39) 35.6 0.018x24 = 0.43 2.97 5.7 6.36 11.6
0.6108(33.12) 0.4766(25.06) 22.0 0.018x180 = 3.24 18.29 36.36 43.35 16.1
3 0.4226(22.22) 0.2218(11.66) 47.5 0.018x60 = 1.08 9.09 23.3 20.75 -2.6
Table 4
Summary of the material quantities and corresponding carbon dioxide emissions.
Design Volume of concrete in m® % CO, emission in kg % COy
Example (CO, emission in kg) difference in [B] difference Emissions from materials (kg)
[A] CO, emission in [A] + [B]
X (from X CO, K
OPBF strand Equivalent Steel Steel clamps Steel rebar in - OPBF-RC Equivalent
concrete) ; emission
RC RC for OPBF in OPBF-  SRC beam beam SRC
(from Steel)
RC beam beam
1 0.1002 0.0645 (11.161) + 35.6 1.368 7.458 -81.7 18.708 18.62
(17.340)
2 0.6108 0.4766 (82.470) +22.0 10.260 94.560 -84.3 115.93 177.93
(105.67)
3 0.4226 0.2218(38.380) +47.5 3.420 32.813 -89.6 76.55 71.19
(73.127)

*Weight of materials in kg are shown without brackets, while brackets indicate the corresponding CO5 emissions in grams*

were calculated for concrete, steel and OPBF by multiplying the volume of the three materials with their respective unit CO emissions.
The second column of Table 4 is split into 2 sub-columns: the first and second sub-columns present the volume of concrete for OPBF-RC
beam and an equivalent SRC beam, respectively, with each calculated CO2 emission in bracket. The third column shows the percentage
differences between the CO, emission due to the respective volumes of concrete in the OPBF-RC and SRC beams. As a result of the
concrete sections required for the OPBF-RC beams, the percentage CO5 emission due to concrete is greater than that of equivalent SRC
beams by about of 22 — 48%. The fourth column of Table 4 is further divided into 2 sub columns: the first and second sub-columns show
the CO, emissions for the steel clamps used to hold single OPBF together into strands (in the OPBF-RC beam), and the reinforcing steel
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in the SRC beam, respectively. The fifth column shows the percentage differences between the CO5 emission due to the respective
weights of steel used in the OPBF-RC and SRC beams. The last column is the CO, emission for the beams; divided into two sub-columns:
the first and second sub-columns show the total CO5 emissions for the steel clamps in the OPBF-RC beam, and the reinforcing steel in
the SRC beam, respectively. The CO5 emissions from each beam type were obtained by adding CO5 emissions ([A] + [B]), due to the
respective volumes of concrete [A] and weights of steel [B] in the second and fourth columns of Table 4. It was observed that in terms
of CO; emission during the production of either beam type, there is no marked difference as the savings in due to the elimination of
steel in the OPBF-RC were negated by the relatively higher concrete volume.

5.2.2. CO; due to material transportation

To calculate the CO4 emissions resulting from road transportation of the materials, it was assumed that the distance from the point
of purchase/source to the construction site is 5 km. Taking the density of steel as 7850 kg/m® and that of OPBF as 840 kg/m>,
transporting a unit volume of each material would mean transporting either 7850 kg of steel or 840 kg of OPBF. To transport 7850 kg
of steel, 4 trips of a light duty vehicle (LDV) (which is representative of vans used in the geographical area under consideration) with a
2000 kg payload capacity [70] would be needed. Then we multiply mass x distance (i.e., 7850 kg x 5 km) which gives 39250 kg-km.
The LDV needs to make 3 return (unladen) trips, for which it was assumed that the LDV transports only 1 kg of load each for the 3
return trips, (i.e., 1 kg x 5 km x 3 trips) thereby resulting in 15 kg-km. The total carbon dioxide emission for transporting 7850 kg of
steel is therefore 39265 kg-km. Similarly, to transport 840 kg of OPBF, a single trip on an LDV would be adequate. If we multiply mass
and distance (i.e., 840 kg x 5 km) we get 4200 kg-km.

Average weight-based CO, emission factor for an LDV is 7.454 x 1074 kgCO,/(kg-km) [70]. Therefore, the amount of CO, emission
for transporting the steel would be 39265 kg-km multiplied by 0.0007454 kg CO2/kg-km which is 29.268 kgCO; (for the 7850 kg of
steel). Therefore, the CO, emission rate for the steel is 29.268 kgCO, divided by 7850 kg which is 3.728 x 10°2 kgCO,/kg. Similarly, the
amount of CO; emission in transporting the 840 kg of OPBF would be 4200 kg-km multiplied by 0.0007454 kgCO,/kg-km which is
3.131 kgCO,. The CO, emission rate for the OPBF is therefore 3.131 kgCO, divided by 840 kg which is 3.727 x 10" kgCO,/kg. Recall
that the OPBF reinforcement in the OPBF-RC beam is composed of the steel hose-clamps and the OPBF strands themselves as shown in
Table 5. The second column of Table 5 shows the total weight of steel hose clamps while the corresponding CO, emissions are shown in
brackets calculated by multiplying the CO, emission rate for the steel (i.e., 3.728 x 10" kgCO,/kg) with the total weight of the steel
hose clamps. The second column of Table 5 presents the total weight of OPBF strands while the corresponding CO, emission is shown in
brackets for each design example. Similarly, the CO, emissions in bracket were calculated by multiplying the CO, emission rate for
OPBF (i.e., 3.727 x 10 kgCO4/kg) with the total weight of steel hose clamps. From the summary of Table 5, there seem to be no
advantage from using OPBF instead of steel reinforcement with regards to the amount of CO3 emissions for design example 3 due to the
relative over-design of the OPBF-RC beam. Nonetheless, if the importation of steel is considered, the savings in CO5 would be sig-
nificant even for design example 3. From design examples 1 and 2, carbon dioxide emissions can be reduced by up to 30%.

Although a basic comparison in terms of economic and environmental implications between OPBF-RC and SRC beam sections has
been presented, other factors such as differences in labour cost, the introduction and acceptability of the new technology, and onsite
techniques have not been captured and are areas for further study. For most developing countries in sub-Saharan Africa, OPBF is
locally sourced where-as steel is imported. This importation involves transoceanic transportation with attendant CO5 emissions which
have not been considered in this study. Hence it is evident that the use of OPBF reinforcement will be beneficial to the environment.

Compared to a conventional construction material like steel, OPBF is derived from oil palm tree, making it an abundant and
renewable resource. This can be a significant advantage in terms of savings in cost and CO5 emissions, in countries where oil palm
cultivation generates substantial biomass waste. From this study, the 30% savings in CO, emissions through the use of OPBF strand is
equivalent to about 500 kg of CO3 emission for manufacturing 1 tonne of steel [71], not to mention CO, savings by avoiding trans-
portation or importation of steel. Furthermore, the continuous use of conventional construction materials has been projected to claim
between 35-60% of the remaining carbon budget associated with limiting the global temperature increase to below 2 °C by the year

Table 5
Summary of carbon dioxide emissions for each design example.
Design Example Weight of material in kg %
(CO, emission in transportation in g) difference in
OPBF-RC beam SRC beam CO, emission
Hose clamps OPBF CO;, emission Steel
[A] Strands for OPBF strands Rebars
[B] [A] + [B]
1 0.72 3.21 (14.648) 5.22 24.9
(2.684) (11.964) (19.462)
2 5.40 35.61 (152.865) 64.31 36.2
(20.133) (132.732) (239.774)
3 1.80 16.96 (69.927) 17.25 -8.7
(6.711) (63.216) (64.315)

*Weight of materials in kg are shown without brackets, while brackets indicate the corresponding CO5 emissions in grams*
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2100 [72]. Nevertheless, further studies are required in order to encourage uptake of innovations like OPBF-RC. For instance, the
degradation of the bond strength of OPBF with concrete over time due to alkali-induced surface degradation, require further inves-
tigation. The relatively low elastic modulus of OPBF strands compared to steel creates localised cracks and increased deflection. This
characteristic may limit its application with high structural demands. Therefore, fibre pre-treatment methods such as coatings,
together with additional measures like using hose clamps are necessary to mitigate bond degradation, prevent slippage between fibres
and enhance monolithic action. The variations in flexural behaviour of the OPBF-RC under different temperatures, humidity and
different loading scenarios is scheduled for further investigation. This study recommends OPBF-RC for lightly loaded beams or
structures with less demanding structural requirements like lintels. In summary, while OPBF shows promise as a sustainable and
potentially low-cost construction material, its effective use requires addressing challenges related to bond strength, interface degra-
dation, and bespoke design methodology as described in this paper.

6. Conclusions

This paper focused on the design procedure for OPBF strand reinforced concrete beams. The design philosophy for conventional
steel reinforced concrete beams was briefly discussed in relation to the elastic modulus of OPBF strands and the bond behaviour
between concrete and the strands. Design examples were presented and the economic and environmental impact of using the strands as
reinforcement was compared to using conventional steel reinforcement rebars. Consequently, the following key findings are
highlighted:

The relatively low elastic modulus of the OPBF strands and the low bond strength between the strands and concrete necessitates a

different research approach. Hence the Allowable Stress design method is recommended.

e A hybrid concrete beam having OPBF strands as longitudinal reinforcement and steel stirrup as shear links is adopted. The steel
stirrups are meant to resist shear cracks.

e Due to the relatively low elastic modulus of the OPBF strands, shear failure is not critical, hence nominal shear links may be

provided.

Deflection of OPBF reinforced beams should be calculated from the effects of loading on the beam’s curvature with respect to creep

and shrinkage. The calculated deflection can then be checked against the span/500 to span/250 limit provided by Eurocode 2.

e Up to 16% and 36% savings in cost and carbon dioxide emissions, respectively, can be achieved by using an OPBF reinforced lintel
instead of a conventional steel reinforced lintel. Savings in CO5 would be more if carbon emissions resulting from trans-oceanic
transportation of steel is considered for countries that import steel.

e A viable method of splicing the OPBF strands should be investigated.

Concrete damage plasticity (CDP) concept of finite element modelling provides a simplified procedure for modelling OPBF strand

reinforced concrete.

This study assumed that the bond strength between the OPBF reinforcement strands and concrete remains constant. Further

analysis is required to incorporate possible age-induced bond reduction at the strand-concrete interface.
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Appendix-1. Stress-strain data used in Abaqus

A.1.1. Stress-strain data in compression and tension of concrete used in the finite-element modelling

Compression Tension
Compressive stress f. Inelastic strain Damage parameter Tensile stress f; Inelastic Damage parameter
(MPa) gin d. (MPa) strain d;
e
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

A.1.2. Stress-strain data in compression and tension of OPBF strands used in the finite element modelling.

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

(continued on next page)
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(continued)

Tension Compression
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

Appendix-2. Detailed calculations

A.2.1. Design Example 1.

Solution.

An equal Maximum Bending Moment will occur at C and D.

M(applied) = 26.74 kNm

(i) Step 1

Assume an OPBF-strand reinforcement ratio of 5%.
Let the width of the beam b = 150 mm.

Let the total height of the beam be h = 1.5b (i.e., 230 mm)

Preliminary sizing
AT = pbd

Assuming a bar diameter of 30 mm and shear links of 8 mm, then effective depth d can be calculated as:

d=h-8-30 (cover) - 30/2 =177 mm
Ar=0.05x 150 x 177 = 1328 mm?

(ii) Step 2

Modular ratio, n = 0.813

(iii) Step 3

Depth of the neutral axis (x)

a =1/(np)* +2np — np

a=0.2473

x =od
x = 43.78 mm

(iv) Step 4
Lever arm (d)

Note: =1 - (a/3)

pd =0.91757 x 177 = 162.4 mm

(v) Step 5

Calculate stress in concrete and compare with the allowable stress (0.45f)

PR
* b(ad)(pd)

fc — 2 x 26740000 = 50.15 MPa

T 150 x 43.78 x 162.4

50.15 MPa > 0.45 f
Similarly, stress in OPBF strands

M

fT=1r/}d

....................................................................... NOT Ok!.
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fr = {27400 = 124 MPa

124 MPa < 0.67 fT oenneieie e Ok!.

However, the section needs to be redesigned since allowable compressive stress in concrete is exceeded.

Possible adjustments.

Since the stress in the concrete is more critical, this controls the redesign.

Hence, the area of concrete can be increased by increasing the size of the section.

Let b = 200 mm.

Overall beam depth (h) = 2b = 400.

d = h - cover — @ggiry — 0.5Pr.

d=400-40-8-12.5-15= 320 mm.

(Note that there will be 2 layers of reinforcement and the “12.5” is half of the 25 mm limit given by Eq. 28).

The new reinforcement ratio is 2.07%. This is less than the 2.88% recommendation from the experiments conducted in this study.
Hence, we increase Ar.

Let A7 = 2400 mm?.

Then p = 3.75%.

Repeat Steps 3 and 4.

Then:

Stress in concrete f, = 12.90 MPa (OK).

Stress in OPBF strands fr = 37.55 MPa (OK).

Provide 6 x 25® (Arproy = 2944 mm? strands as shown in Figure 11 and sc = 47.5, OK).

Based on the provided area of reinforcement (p = 4.6%):

Stress in concrete f, = 11.89 MPa (OK).

Stress in OPBF strands fr = 30.83 MPa (OK).

Check for Shear.

Eurocode 2 provides a detailed procedure (Variable strut inclination method) for designing for shear as follows.

Check crushing strength of the diagonal concrete strut at the face of the beam support.

Vrdmax = 0.124b,d(1 — f.1/250)f 1.

=0.124 x 200 x 320 x (1 — 40/250) x 40.

=267 kN (> Vgg = 56.3 kN).

Therefore, stirrups are not required and the maximum longitudinal spacing of stirrup(s) can be calculated as:

s = minimum (0.75d or 600 mm).

Hence,

s =0.75 x 320 = 240 mm.

Provide nominal shear reinforcement (e.g., T8 @ 250 mm spacing (Agw = 100 mm?))

. Agy
.

=04

Calculation of deflection.

Now, the long-term deflection can be calculated assuming that construction props are removed at 28 days.
Curvatures due to creep.

Step 1

(a) Calculate curvature due to uncracked section

N M
r u(‘_ECJ‘ffI”l'

To determine the creep coefficient,

Calculate the notional size (h,) of the beam which is given by:

h, = 2A./u where A, is the gross area of the section and u is its exposed perimeter. The h, value is then used to
determine the creep coefficient (¢) from Fig. 5b of Eurocode 2 presented in Fig. 8c.

h, = (2 x 400 x 200)/1200 = 133.33 mm

and ¢ = 2.0.

Effective modulus is then determined as:

o Eep
(1 + ploo,10) )
32
E..;= =10.67 GPa.
T 1 +2)
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Then the shrinkage due to the curvature of the uncracked section is:

N M
Y ) we a Ec.cﬂluc"

(1) 3 26.74x106
) 10.67 x 10° x 200 x 4

=2.35x10-6 /mm
(b) Calculate curvature due to cracked section
(c) Depth of neutral axis x = 76.34 mm

3
I, = b% + nAz(d — x)*,
2 84
. 200x69.847 X369 8 0.813 x 2400(320 — 69.78)%,

I, = 1.72 x 108 mm*,

N M

) Ecopler

1 2674x10°
r). 10.67 x 1.448 x108

=1.46 x 10 /mm
(d) Calculate “average” curvature due to uncracked and cracked section

=4, ~0-o(3).

whereé = 1 — (M,./M)

From elastic bending theory,
b’
M., :fz‘lm X ?
fem = tensile strength of the concrete = 3.5 MPa,
2
M, =35x M = 18.67 kNmm,

E=1-0.5(18.67/26.74),
£=10.756,

1 1073
-=1.16x 0—
r mm

Curvatures due to shrinkage.
Similarly, we determine the curvature of the uncracked and cracked sections. The formula for curvature due to shrinkage is

1 eqa.8
ree 1

Calculate curvature due to uncracked section

1 e,aS

)
Fes(un) Iuc

where

Ecs = Ecd T Ecas
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ecq = drying shrinkage strain,
€c.q = autogenous shrinkage strain,

€ca (1) = Pas X ki X €cap,

kn = coefficient depending on the notional size of the section determined from Table 3.3 of Eurocode 2. &4 is determined from
Table 3.2 of Eurocode 2:

t— 1t
ﬁdS :—7
(1 1) +0.04y /1]

where t is the present age of the concrete, in days, t; is the age of the concrete (days) at the beginning of drying shrinkage (or swelling),
h is the notional size (mm) of the cross-section (with h = 2A./u).
365 — 28
By = =0.845.
Pa (365 — 28) + 0.041/133.333
By interpolation from Table 2, ky = 0.95.
Hence drying shrinkage at 365 days at 80% humidity; (&40 = 0.0024).

€a (1) = Bay X ki X €cap,

€4 (1 year) = 0.845 x 0.95 x 0.0024 = 0.0019266,
Autogenous shrinkage strain is given as.
€ca(t) = Pus(t)€ca(o0), where.

€ca(o0) = 2.5(f% —10)x10 %and.
Bas(t) = 1 —exp(—0.2t%) where t is in days.
Therefore

B(365) = 1 —exp(—0.2x365") = 0.978,

£ea(00) = 2.5(30 — 10)x10° = 0.00005,
£ca(t) = 0.978 x 0.00005 = 0.0000489,
€., = 0.0019266 +0.0000489 = 0.001976,

We now have all the respective parameters except S, the first moment of area of reinforcement about the centroid of the section

I esa.S
sy e
S =Ar(d-x);

| 0.001976 x 0.813 x 2944 <320 — 4%)

TFes(un) 200 x 4003

1077
=532x —.
mm

e Calculate curvature due to cracked section

1 Ec50S

Tes(er) B Icr ’

1 0.0019755 x 0.813 x 2944 (320 — 76.34)
Fester) 171673102

-6
= 6.71)(&.
mm

e Calculate “average” curvature due to uncracked and cracked section.

33



E.O. Momoh et al. Case Studies in Construction Materials 20 (2024) e02929

1 1 1
L=i(;) wo-a(;)
Tes T/ ester) T/ estue)

1
— =0.756(6.71e — 6) + (1 — 0.756)(5.32¢ — 7)

cs

10°¢
mm

=52x

e Total curvature = curvature due to loading (creep) + curvature due to shrinkage

Curvature due to creep = 1.16x107/mm
Curvature due to shrinkage = 5.20x107%/mm
Total curvature = 1.68x107>/mm

From the generic formula for deflection (Eq. 9),

1
5mux = 7kL2
-
For a simply supported beam with the loading arrangement in this design example (Fig. 8), k = 0.103

-5

~x 0.103 x (1300)° mm? = 2.93 mm

Opmax = 1.68 X 10
mm

The calculated deflection is less than the limit specified in Eurocode 2 (span/250) which in this case is 5.2 mm (hence deflection is
OK!).

A.2.2. Design Example 2.

Solution.

The beam breadth b will match the wall thickness so that.

b =230 mm.

Assuming a concrete weight of 24 kN/m?> a beam dead weight of about 14 kN can be assumed, so that the ultimate load is:

F=114 + 40 = 154 kN.

The shear force.

V =77 kN.

For the assumed triangular load distribution for the preliminary analysis, we have

F x span

M = = 103 kNm

Step 1.

Assume a reinforcement ratio of 8.6%.

Hence, Ay = 10,500 mm?>.

Let the total height of the beam be 3b (i.e., 690 mm).

Preliminary sizing.

Assuming a strand diameter of 30 mm, then we need 15 strands in 5 layers. Let cover be 25 mm, then an overall section depth h of
715 mm should suffice, while effective depth d is 530 mm.

Step 2.

n = 0.839.

Steps 3 and 4.

a = 0.316.

x =0.316 x 530 = 167.48 mm.

Then:

Stress in concrete f, = 11.32 MPa (< 13.5MPa ..........

Stress in OPBF strands = 20.67 MPa (< 165 MPa

Provide 15 x 30®7 (Arproy = 10598 mm?) strands (Fig. 12).

Check for Shear.

Eurocode 2 provides a detailed procedure (Variable strut inclination method) for designing for shear.

Check crushing strength of the diagonal concrete strut at the face of the beam support.

Vrdmax = 0.124by,d (1 — fu/250) fok.

=0.124 x 230 x 530 x (1 - 30/250) x 30.

=399 kN (> Vg = 77 kN).

... stirrups are not required and the maximum longitudinal spacing of stirrup (s) can be calculated as:
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s = minimum (0.75d or 600 mm).

Hence,

s =0.75x 530 = 397.5 mm.

But the maximum spacing for beams provided for in the Eurocode 2 is 300 mm.
Provide nominal shear reinforcement (e.g., T8 @ 300 mm spacing: As, = 100 mm?)

sW

Therefore, A =0.333
s

Calculation of Deflection.
Following the methods described in design example 1,

(i) Effect of loading on curvature due to creep
Creep coefficient ¢ = 1.9

Een
(1+ ¢(o0,19))

Eeop =

31
Eoyp = =10.69 GP
“ =1+ 1.9) o GPa

Curvature (of uncracked section) = 1.405 x 10°® /mm
Curvature (of cracked section) = 6.305 x 10°® /mm
Average curvature (1/r) is:

=40, 70-0(0),

where & =1 —ﬁ(Mc,/M)2

M, = 50.24 KNm

Therefore, ¢ = 0.8810

Average curvature (1/r) =5.722 x 10° /mm
(ii) Effect of loading on curvature due to Shrinkage

Uncracked section.

I esa.8

Ves(un) [uc ’

Recall, &, = €4 + €ca

€4 (drying shrinkage strain) = 0.0021.

&cq (autogenous shrinkage strain) = 3.668 x 10,

€q (365 days)=f4 x kn x €q0 =0.7863 x 0.891 x 0.003.k; (coefficient depending on the notional size of the section
determined from) = 0.891.

S (of uncracked section) = 1854650 mm°.

Therefore curvature (of uncracked section) = 4.850 x 107 /mm.

Cracked section

I eS8

Yes(er) Icr

I, = 1.53x 10° mm*.

S (of cracked section) = 3842744 mm?.

Therefore curvature (of cracked section) = 4.511 x 10 /mm.
Average Curvature

1 1 1
Ef) ool
Tes T ) ester) T/ estue)

=0.881 (4.511 x 10°®) + [(1 - 0.881) x (4.850 x 107)].
=4.032x 10° /mm.

Total curvature = 5.722 x 10 + 4.032 x 10°.

=9.753 x 10° /mm.
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Deflection (6y,) from Eq. 9.
1
5max = _kLz
r

For the load pattern on the beam, k = 0.100, hence.

Smax = 9.753 x 10°° x 0.100 x 4000,

= 15.61 mm (which is less than 4000/250 OK).

A.2.3. Design Example 3.

Solution (uncracked section).

A sketch of the beam is provided in Fig. 10a thus:

Maximum moment will occur at midspan.

M = wL?/8 = 46 x 3.5%/8.

= 70.4 KNm.

Step 1.

Assume a reinforcement ratio of 4.8%.

Let the width of the beam be 230 mm.

Let the total height of beam be 550 mm.

Preliminary sizing.

Assuming a bar diameter of 30 mm and shear links of 8 mm, then effective depth d can be calculated as d = h— 8 — 30 (cover) — 30/
2 =450 mm.

A7 =0.0483 x 230 x 450 = 5000 mm?.

Step 2.

Modular ratio, n = 0.926.

Step 3.

Determine the depth of the neutral axis (x)

a=+/(np)* +2np —np

a=0.2577.

x = ad.

x =116 mm.

Step 3.

Calculate Lever Arm (4d).

p=1-(a/3).

pd = 0.9141 x 450 = 411.3 mm.

Step 4.

Calculate stress in concrete and compare with the allowable stress (0.45f,).

2M
1 = bad) (pd)

_ 2 x 26740000 —
f‘ T 150 x 43.78 x 162.4 12.83 MPa

12.83MPa < fc_ay ................................................................ OKk!
Similarly, stress in OPBF strands is calculated:

M
fr= Apd
Stress in OPBF strands fr = 34.23 MPa < fraf ... ....ccovvvvieneeiinnnns Ok!.

Provide 6 x 357 strands as shown in Fig. 13 (Ar,prov = 5767 mm? and sc = 47.5 mm, OK):

Based on the provided area of reinforcement (p = 4.73%):

Stress in concrete f, = 12.39 MPa (OK).

Stress in OPBF strands fr = 33.45 MPa (OK).

Check for shear.

Eurocode 2 provides a detailed procedure (Variable strut inclination method) for designing for shear.
Check crushing strength of the diagonal concrete strut at the face of the beam support.

VRd,max = 0.124b,,d(1 - fer/250)f ck.

=0.124 x 230 x 460 x (1 - 30/250) x 30.

= 346 kN (> Vgq = 80.5 kN).

Therefore, stirrups are not required and the maximum longitudinal spacing of stirrup (s) can be calculated as:
s = minimum (0.75d or 600 mm).

s =0.75 x 460 = 345 mm.
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Provide nominal reinforcement (e.g., T8 @ 300 mm spacing: A, = 100 mrnz)

ASW
— =033
s
Solution (cracked section).
Moment capacity of section

w1

y
Where fis the allowable material strength, I is the moment of inertia of the section (in this case, concrete is cracked), and y is the depth
of the neutral axis.

bx*
Lerackea = 3 +nAr(d — X)27

230 x 124.73
Leracked = % +0.926 x 5765 (460 — 124.7)* = 748.8 x 10° mm*

Therefore,

Cracked Moment Capacity.

M= w = 81.1 kNm (as required)
Calculation of deflection.

Following the methods described in design example 1.
Effect of loading on curvature due to creep.

Creep coefficient ¢ = 2.8,

E _ E(‘"'l
ceff = (1 +¢(oo,l()))

E, 27 7.11GP:

c.e = T Ao\ . a

7T (1+28)

Curvature (of uncracked section) = 1.180 x 10° /mm.
Curvature (of cracked section) = 5.025 x 10° /mm.
Average curvature (1/r)

o), 0-00),

where &=1—p(M, /M)

M, = 33.63 kNm.

Therefore, £ = 0.2092.

Average curvature (1/r) = 1.985 x 10 /mm.
Effect of loading on curvature due to shrinkage.
Uncracked section

1 e .8

Fes(un) Im‘

where €. = €cq+ Eca

€cq (drying shrinkage strain) = 0.0022.

£cq (autogenous shrinkage strain) = 4.890 x 10°.

ed  (365days) = Byxkpxéecq0 = 0.8031 x 0.907 x 0.003ky, (coefficient depending on the notional size of the section) = 0.907.
S (uncracked section) = 1066895 mm?.

Therefore curvature (uncracked section) = 6.921 x 107 /mm.

Uncracked section

1 &S

Tes(er) I,

I = 7.49 x 108 mm*.
S (cracked section) = 1933306 mm?®.
Therefore curvature (cracked section) = 5.340 x 10° /mm.
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Average curvature

1 1 1
el
Tes r es(cr) r es(uc)

=0.209 (1.985 x 10®) + [(1 - 0.209) x (6.921 x 107)].
=1.665x 10° /mm.

Total curvature = 1.980 x 10 + 1.665 x 10°®.

=3.649 x 10°° /mm.

Deflection (Sax) from Eq. 9.

1
=— kI?
;

‘smax

For the load pattern on the beam, k = 0.104, hence.
Smax = 3.649 x 10°° x 0.104 x 3500,
= 4.65 mm (which is less than 3500/250 mm OK).
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