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Abstract

In recent years, FRP (Fibre-Reinforced Polymer) bars have been considered to be a promising alternative
to conventional steel bars for reducing the CO2 emissions of concrete structural elements, whilst their
environmental performance compared to traditional steel bars requires quantitative assessment. This paper
introduces a multi-level comparative framework to evaluate the carbon efficiency of FRP bars compared to
steel bars, from the material level to the section level and structural element levels, leading to quantitative
comparative outcomes useful for decision-making when selecting the most carbon-efficient rebar type for
achieving the lowest embodied carbon (cradle-to-gate) of structural elements. Each comparison level has
its applicability depending on the specific context of construction projects. Because relative environmental
performance can vary significantly in function of material and environmental data, the developed
comparative framework aims to provide the rigorous methodology to follow, which can be adapted to any
construction project by updating material and environmental datasets, rather than declaring a universally
superior rebar type. Steel and BFRP (basalt FRP) bars are compared, based on the assumed material and
environmental data, as an example to demonstrate how to apply the proposed comparative formwork.
Results indicate that the optimal solution depends mainly on the structural parameters (such as span and
slab thickness) as well as the assumed carbon data. For prismatic elements, the optimal choice between
steel and BFRP bar is strongly influenced by the selection of slab thickness. For non-prismatic elements, it
is found that non-prismatic BFRP-reinforced slabs have 4.8%—14.4% lower CO:2 than non-prismatic steel-
reinforced slabs and can save up to 63% of CO2 compared to the traditional solution (prismatic steel-
reinforced slabs) in the presented examples.
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1. Introduction

FRP materials were firstly investigated as the reinforcement of concrete for the construction of highways in
the United States during the 1950s, because the deicing salts, often used on highway bridges, can
exacerbate the corrosion problem of steel reinforcement but do not have such impact on FRP
reinforcement [1]. There exist mainly four types of FRP reinforcement classified by the type of fibre: carbon
(CFRP), glass (GFRP), basalt (BFRP) and aramid (AFRP). They can be used as internal reinforcement in
concrete elements, such as slabs [2], [3] and beams [4], typically in the form of bars or grids, or applied as
external reinforcement for retrofit, typically in the form of plates or sheets [5]. Compared to steel
reinforcement, FRP reinforcement has many advantages, such as their higher tensile strength, lighter
weight (around 1/4 of steel), higher resistance to the corrosion induced by chloride ions, electrical non-
conductivity, and lower thermal conductivity [1], [6]. However, some drawbacks have limited the wider
usage of FRP as the reinforcement for concrete, including its lower elastic modulus than steel (making
FRP-reinforced elements more prone to excessive deformation), low ductility (almost linear behaviour till
rather brittle failure) [7] and higher price (mainly for most CFRP and AFRP) than steel.

As the CO:2 reduction is becoming an increasingly urgent issue today, a rethink of FRP reinforcement
attracts more interest, and its potential as an alternative to replace traditional steel reinforcement to reduce
CO2 emissions [8] is worth investigating. Many researchers compared the CO: emissions of FRP-
reinforced concrete elements with their steel-reinforced counterparts and argued that FRP reinforcement
can provide opportunities for reducing the CO2 emissions of reinforced-concrete structural elements.

N. Stoiber et al. [9] conducted a cradle-to-gate life cycle assessment of CFRP reinforcement (modules A1-—
A3, which correspond to the product stage), and found that CFRP reinforcement has better environmental
performance than steel reinforcement when its high tensile strength and low density are taken into count by
comparing the Global Warming Potential (GWP) per MPa (characteristic tensile strength for CFRP, yield
strength for steel) as well as per density unit. A. Pavlovi¢ et al. [10] compared the GWP (A1-A3) of
identically sized bars (1 m long, 6 mm diameter) made from different materials and found that the GWP of
the BFRP bar was 75% lower than that of unrecycled steel and 24% lower than that of recycled steel
(electric arc furnace process); they also conducted the comparison at the structural element level taking the
load-bearing capacity at the serviceability limit state (SLS) deflection limit of span/250 as the structural
equivalence, and found that the GWP (modules A1-A5, corresponding to the product and construction

stages) of the studied BFRP-reinforced beam is 7% lower than its steel-reinforced counterpart. N. Garg and



S. Shrivastava [11] compared the CO2 emissions (modules A1-A3) per Mu (ultimate moment bearing
capacity) of FRP- and steel-reinforced 2.75 m long beams, and found that CFRP-, BFRP- and GFRP-
reinforced beams can save 39%-43% of CO2 emissions compared with steel-reinforced beams. Other
researchers found environmental benefits of using FRP reinforcement in other structures, such as bridges
[12] and facade panels [13]. Although previous studies made meaningful comparisons, some limitations
restrict the generality of the conclusions: (1) Some comparisons only at the material level cannot well
represent the carbon efficiency of the structural elements because of ignoring the complexity of the
relationship between the material properties and the design of structural elements; (2) For comparisons at
the material level, a reasonable mechanical equivalence, taking into account the differences in density,
should be maintained when comparing different solutions; (3) For comparisons at the structural element
level, ULS-based comparisons alone could not lead to conclusions with wide applicability because the
design of FRP-reinforced structural elements is often governed by SLS criteria; (4) For both comparisons at
the material level and structural element level, the differences between steel and FRP reinforcement in
terms of various reduction factors for safety considerations were not taken into account.

Therefore, the following research questions need to be addressed: How can reinforcing bar selection (steel
vs. FRP) be systematically evaluated to achieve the minimum embodied carbon in concrete structural
elements while accounting for material (strength, stiffness and density), structural design (ULS and SLS),
and code-level constraints (such as reduction factors)? How can the comparison method be unified to
ensure inter-study comparability and eliminate methodological bias in future comparisons for construction
projects?

To bridge this gap, this paper will introduce a comparative framework for multi-level comparisons of the
carbon efficiency between FRP and steel bars for reinforcing concrete, allowing decision making when

selecting the optimal rebar type for reducing the embodied carbon of structural elements.
2. Methodology and scope

2.1. Multi-level comparison

This paper introduces a framework for comparisons at different levels, as shown in Table 1. The scope of
this framework is limited to FRP reinforcing bars used as internal reinforcement in concrete and does not
cover prestressed tendons or externally bonded reinforcement systems (such as FRP plates or sheets).

At the preliminary design stage when the carbon data of locally available reinforcement are accessible but

detailed information regarding the structural configuration remains unknown, the carbon efficiency



assessment at the material level can serve as an effective basis for quick comparison, although the
resulting conclusions are necessarily approximate.

When section-level information becomes available, which means the section size is already determined
and the requirements for strength and stiffness can be established through analysis, the comparison of
carbon efficiency at the section level can provide more precise conclusions, taking into account the section-
specific data.

When detailed structural information (such as span and maximum section depth) is available and the
structural elements possess a constant prismatic section along the span, the carbon efficiency comparison
at the prismatic structural element level can be conducted, enabling a more accurate estimation of material
quantities and carbon emissions based on specific structural characteristics.

Finally, when detailed data are also available but the structural elements can be non-prismatic (which
means the sectional dimensions can vary along the span), the assessment at the non-prismatic structural
element level can be performed, allowing for a more comprehensive and precise analysis of carbon

efficiency, capturing the effects of geometric variability and shape optimisation on these structural elements.

Table 1. Multi-level comparison of carbon efficiency of FRP and steel reinforcing bars

Level of comparison Description

Material-level comparison taking the strength and the stiffness of the material
Material level as the equivalence and considering the influence of various reduction factors of
the design process

Section-level comparison taking the strength and stiffness of the section as the

Section level
equivalence to find the optimal choice of bars for reinforcing a given section

Prismatic structural
element level Structural-element-
level comparison,
Non-prismatic taking into account
both ULS and SLS

structural element criteria Assuming the elements can be non-prismatic
level

Assuming the elements are prismatic

2.2. Influence of the differences in safety factors and designs methods
When comparing steel and FRP bars for reinforcing concrete structures, many differences beyond their

strength and stiffness can significantly influence the quantity of reinforcement in structural designs using



different reinforcing bars. These differences should be taken into account when comparing their carbon

efficiency.

(1) More severe strength reduction factors for bending failure of FRP-reinforced elements
FRP-reinforced elements in flexure exhibit linear behaviour until failure. Two types of failure can happen:
compression-controlled failure (by concrete crushing) and tension-controlled failure (by FRP rupture).
The tension-controlled failure is rather sudden and not preferred. To achieve the same target reliability
level, smaller strength reduction factors for flexure failure (which means the strength is reduced more)
are required for FRP-reinforced elements than for their steel-reinforced counterparts.
For example, the American code ACI 318-19 [14] applies a strength reduction factor of 0.90 for steel-
reinforced sections in flexure with tension-controlled failure, whilst ACI 440-1R [1] applies a strength
reduction factor between 0.55 and 0.65 for FRP-reinforced sections in flexure depending on the failure
mode.

(2) Less time-dependent deflection increase for FRP-reinforced elements
The time-dependant deflection increase of FRP-reinforced elements is less than that of steel-reinforced
elements [15]. The American code ACI 440-1R [1] for FRP-reinforced concrete elements adopts the
same form of relationship between short-term and long-term deflection as the one adopted in ACI 318-
19 [14] for steel-reinforced concrete elements, but multiplies the long-term deflection result by 0.6 for
FRP-reinforced elements.

(3) Creep rupture of FRP bars
FRP bars subjected to a constant tension after a specific period of time (depending on the stress level)
can suddenly fail, called “creep rupture” [16]. To avoid this, ACI 440-1R [1] limits the stress level of the
bars under unfactored sustained loads to 0.2, 0.3, and 0.5 of the design tensile strength, for GFRP,
AFRP, and CFRP, respectively. The French AFGC recommendation [17] recommends a ratio of 0.25 for
BFRP and GFRP, 0.4 for AFRP and 0.6 for CFRP as the stress limit under the quasi-permanent load
combination.

(4) Durability of FRP bars
The tensile strength of FRP bars decreases with time due to long-term exposure to the environment;
therefore ACI 440-1R [1] applies an environmental reduction factor, whose value varies between 0.8
and 1.0 depending on the exposure conditions and the type of FRP.

The current version of Eurocode 2 [18] does not include design provisions for FRP-reinforced concrete

elements. While American code ACI 440-1R [1] covers CFRP, GFRP, and AFRP reinforcing bars, it does



not explicitly include BFRP bars. The French AFGC recommendation [17] encompasses all four types of
FRP bar. When comparing the CO:2 emissions of steel- and FRP-reinforced elements, it is highly
recommended to adhere to the same design code or at least design codes within the same family. Distinct
code families may apply different methodologies, safety concepts and provisions to ensure structural
reliability [19], leading to difficulties in straightforward comparisons between steel and FRP. Nevertheless, it
is worth noting that this study aims to develop a comparison framework which is general and applicable
across all four FRP bar types regardless of the selection of the governing design code, as the underlying
methodology remains consistent.

2.3. Carbon data

The “carbon emissions” or “CO2 emissions” mentioned in this paper relate to the GWP from cradle to gate
(stages A1-A3). As shown in Table 2, the comparison examples involve three groups of carbon factors for
steel bars and FRP bars: high, medium and low CO:2 groups, which represent, respectively, the upper
bound, the representative mid-range value and the lower bound of the GWP. The carbon factors for
concrete used in this paper for the comparison examples are shown in Table 3.

Unlike steel bars which benefit from extensive academic literature, abundant environmental datasets, and
numerous industrial Environmental Product Declarations (EPDs), available life cycle inventory data for
BFRP bars remains severely limited. M. Inman et al. [20] reported that the GWP (A1-A3) of BFRP bars
range from 1.67 to 2.98 kgCO2eq/kg as the resin content increases from 20% to 40%. Similarly, A. Pavlovi¢
et al. [10] observed values of GWP(A1-A3) of BFRP bars between 2.71 and 3.20 kgCO2eq/kg when the
weight percentage of basalt fiber varies from 70% to 85%. Three industrial EPDs [21], [22], [23] indicate
consistent values between 2.69 and 3.14 kgCOzeq/kg. Based on the synthesized data, the central estimate
is established at 2.85 kgCO:zeq/kg. Upper- and lower-bound scenarios are defined as 3.20 and 2.50
kgCO2eq/kg, which reflect a symmetric £12% variation relative to the baseline.

Whether for concrete, steel bars or FRP bars, the carbon data can differ significantly depending on the
country, region, manufacturing process, recycling ratio, transport distance and other factors. When the
carbon data change, the carbon efficiency comparison results can vary significantly. This paper aims at
introducing a comparative framework for comparisons at different levels, and the examples presented in
this paper, using the assumed carbon data, serve solely to demonstrate how to apply the proposed
methods. With the introduced comparative multi-level framework and methods, comparisons can be
conducted on a case-by-case basis with locally available materials, real project information and updated

carbon data.



Table 2. Carbon factors used for reinforcement in the example of comparison between steel and BFRP bars

Steel BFRP

Group GWP (A1-A3), in GWP (A1-A3), in
Sources Sources
kgCO2zeq/kg kgCO2eq/kg

24], [25] (Basic Oxygen
High-CO2 3.95 [241, 1251 ( ¥o 3.20

Furnace production) Hypothesised

values based on

the research [10],
[24], [26] (typical average [10]

Medium-CO2 1.96 285 [20] and industrial
value)
EPDs [21], [22],
[24], [27] (Electric Arc [23]
Low-CO2 0.79 250

Furnace production)

Table 3. Carbon factors used for concrete (C25/30) in the example of comparison between steel and BFRP bars

Type of C25/30

concrete GWP (A1-A3), in kgCO2eq/m? Sources
Ordinary 309 [28] (average of Band F, GCCA definition)
Low-CO2 170 [29]

Ultra-low-COz2 49 [28], [29] (average of Band A, GCCA definition)

3. Carbon efficiency comparison at the material level

This section will introduce the comparison of carbon efficiency at the material level, which is convenient for
a quick comparison when more architectural and structural information is not yet available at an early stage
of a construction project.

The carbon efficiency of FRP or steel reinforcing bars can be expressed as:

1 cp

E=—?=1al--P (Eq. 1)

where e is the carbon efficiency (the reciprocal of the GWP that has to be created to achieve the equivalent
strength or stiffness), c is the carbon factor (A1-A3, in kgCO2eq/kg), p is the density (in kg/m3), P is the
material property (either strength in MPa, or stiffness in GPa), and «; is the ith of n reduction factors
applied to the considered material property.

The ratios of carbon efficiency of FRP to steel reinforcing bars can be obtained as:
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where the subscripts f and s denote FRP and steel bars, respectively; e¢ grength @Nd € serengen are the carbon

efficiencies for strength; e; umess @aNd e surmess @re the carbon efficiencies for stiffness; f; and f; are the

strengths; Er and E; are the elastic moduli; ag rength, i» @, strength, i + @ stiffness, i @NA s sifmess, | are the ith

reduction factors applied to the strength or stiffness; n¢ sirengths s strength» 7, stiffness @Nd Mg stifmess are the

numbers of various reduction factors to take into account; ¢; and ¢ are the carbon factors; pr and p, are the

densities.
Table 4. Comparison of the carbon efficiency of steel and BFRP bars at the material level
Comparison for strength Comparison for stiffness
Carbon
Type factor Density Reduction €f strength Elastic € stiffness
of bars | (kgcO, (kg/m®) | Strength? factors® & strength | modulus Reduction €, stiffness
eq/kg) (MPa) (ACI codes (GPa) factors
@ =0.6°
BFRP 2.85 2000 1200 50 -
Ce=0.8
4.1 0.67
Steel 1.96 7850 420¢ ®=0.9 200 -

(Notes: 2 Specified yield strength for steel bars; guaranteed tensile strength for FRP bars.

b ¢: strength reduction factor; Ce: environmental reduction factor of FRP bars. The simplifying assumption is

made that the strength reduction factors are applied directly to the strengths.

¢ The strength reduction factor is between 0.55 and 0.65 depending on the failure mode; a value of 0.6 is

assumed here.

4 ASTM A615 Grade 60 bars [30].)

Table 4 shows an example of carbon efficiency comparison between steel and BFRP bars at the material

level, using the ACI family of codes (ACI 440-1R [1] for FRP bars and ACI 318-19 [14] for steel bars). The

results show that the carbon efficiency of BFRP bars is approximately 4 times that of steel bars for strength,

whilst 0.67 time that of steel bars for stiffness.



This seems to suggest using BFRP bars when ULS criteria would govern the design whilst using steel bars
when excessive deformation would govern the design. However, whether ULS or SLS criteria govern the
design can be determined not before, but after, the type of bar is chosen. Additionally, the comparison at
the material level does not reflect the influence of section- and structural-element-level factors on the CO:2
emissions. Therefore, a comparison at the material level can serve as a quick, simplified comparison, whilst
comparisons at the section and structural element levels are needed to provide further insight and more

precise results.
4. Carbon efficiency comparison at the section level

Reinforcing bars can provide the strength and stiffness required for a section to satisfy the ULS and SLS
criteria, respectively. To determine the carbon-optimal rebar type solution among steel-only, FRP-only, and
hybrid steel-FRP solutions (the strain compatibility and structural feasibility of which are well-established
[31], [32], [33], [34]), the problem can be formulated as an optimisation problem.

Supposing that a section in a structural element in flexure is reinforced with a combination of steel and FRP
bars to satisfy ULS and SLS requirements, and the reinforcement solution is denoted as (4, A¢) where A,
and A; are the reinforcement areas of steel and BFRP bars, respectively; the needed strength for this
section, characterised by the product of tensile strength and cross-sectional area of the reinforcement (f; A
or fiA), should be no less than the required strength threshold T; (in MPa-m?); and the needed stiffness for
the section, characterised by the product of elastic modulus and cross-sectional area of the reinforcement,
should be no less than the required stiffness threshold T, (in GPa-m?). The values of T; and T, can be
predetermined through sectional strength analysis and deflection control analysis, respectively. With the
aim of minimising the embodied carbon of the reinforcement C = c;psAs + cepeAy, the optimisation problem
can be posed as:

Find the optimal Q* = (4, A¢)" in the set Q,qmissible SUCh that:
C[(ASJAf)*] = m&n C[(ASfAf)] (Eq 33)
where:
C = cspsAs + cepeAs (Eq. 3b)
with the constraints that

A+ fiAs =T
fss fff 1 (Eq.3c)

EAs + EA; > T,



(Eq. 3d)

By formulating this optimisation problem, the functional unit is established as the reinforcement areas
(4, A¢) that can provide required strength T, and stiffness T, for a section.

The constraints of Eqgs. 3c and 3d can be illustrated as shown in Fig. 1. The point (4, A¢) represents the
reinforcing area of the section. To satisfy the constraints, the reinforcement solution (4, Af) should be
located in the feasible half-space shown in Fig. 1a for strength and of Fig. 1b for stiffness.

As shown in Fig. 2, for the point (4, A¢) located in the feasible domain, the line for Eq. 3b intersects the
vertical axis and the intercept is C/(ctp¢). When the point (4g, Ar) moves in the feasible domain, the line for

Eq. 3b moves while maintaining a constant slope of —cps/(csps). Finding m&n C[(A, Ap)] is transformed into

finding the minimum intercept of the line for Eq. 3b on the vertical axis.

The location of the optimal point (4, Af) depends on the relative positions of the three lines (Fig. 1a, Fig.
1b and Fig. 2) as well as their respective slope (denoted k,, k,, and k5, respectively). As |k,| = f,/f; which
is usually less than 1 and |k,| = E;/E; is usually much larger than 1, it can be assumed that |k;| < |k,|.
However, the relationship between |k;| = csps/cspr and the other two slopes is uncertain since there is
substantial uncertainty in the carbon data, which may vary considerably depending on the fabrication

process, country, transport distance, and other parameters.

lAf b A

\ Feasible

E
k1 = _f_S ES
Unfeasible f f
A +EA T,
A, EA +EA =T, A
(a) Constraint for strength (b) Constraint for stiffness

Fig. 1. Constraints of the optimization problem defined by Egs. 3c and 3d



CspsAs + CipAr=C A

Fig. 2. Solutions in the feasible domain and their carbon emissions (Eq. 3b)

Therefore, different cases may arise, as shown in Fig. 3, and the physical meaning of each case is
explained in Table 5. The optimal solution is: using steel bars in Cases 1b, 2b and 3a; using FRP bars in
Cases 1a, 2a and 3e; using the steel-FRP hybrid solution in Cases 1c, 2c and 3b, 3c and 3d. The physical

meaning of each case is given in Table 5.

A

Feasible

A A A
\" Feasible Feasible \_’ Feasible

@) @) @)
©) ® @) ® ® ® Feasible
! t
A} As A} ‘Z N As \ \ AS
(a) Case 1a (b) Case 1b (c) Case 1c (d) Case 2a
A _
Feasible
ONE NG,
Feasible
T ©) Feasible ) Feasible
t t
A, N A N A
(e) Case 2b (f) Case 2¢ (g) Case 3a (h) Case 3b
A A A
— OFfA+fA>T
@ s’ 's fof 1
@ — QEA+EA->T,
Feasibl i Feasibl
easible @ Feasible I easible ® 6. A+ pA=C
\ As \ As N As
(i) Case 3c (j) Case 3d (k) Case 3e

Fig. 3. Different cases of the relative positions of the constraint lines and the corresponding optimal solutions



Table 5. Different cases of the relative positions of the constraint lines and the corresponding optimal solutions (Fig. 3)

Which line Slopes
shapes k1 = -folfs i .
Optimal solution
Case the final k2 = -Es/Ex Physical meaning
for 3
feasible k3 = -Csps
domain /(cipr)
The influence of low fs/f; overweighs the
As=0,Af#0 influence of low csps/(ctpr), so steel bars
1a |k1| < [ks] . . .
(Fig. 3a) are more carbon efficient for providing
strength
The strength ]
The influence of low csps/(crpr)
criterion always ) )
As#0,Af=0 overweighs the influence of low f/f;, so
1b |k1| > [ks] ) governs the .
(M Eq. 3¢ (Fig. 3b) ] BFRP bars are more carbon efficient for
design no matter .
) providing strength
using steel or
Any point on (1) BFRP bars
Low csps/(crpr) and low fs/fi have equal
and on the
influence, so steel and BFRP bars are
1c |k1] = |Kks| boundary of the o o
) ) equally carbon efficient for providing
feasible domain
. strength
(Fig. 3c)
The influence of high csps/(cpr)
As=0,Af#0 overweighs the influence of high Es/E,
2a |k2| < |ks| . .
(Fig. 3d) so BFRP bars are more carbon efficient
for providing stiffness
The stiffness
o The influence of high Es/Er overweighs
criterion always ) )
As#0,Af=0 the influence of high csps/(ctps), so steel
2b (2 Eq.3d | |ke| > |ks| , governs the o
(Fig. 3e) bars are more carbon efficient for
design no matter o )
providing stiffness
using steel or
Any point on (2) BFRP bars
High csps/(cipf), and high Es/Ef have
and on the )
equal influence, so steel and BFRP
2c |k2| = |ks| border of the

feasible domain
(Fig. 3f)

bars are equally carbon efficient for

providing stiffness




Table 5. (Continued)

Which line Slopes
shapes k1 = -folfs . ) )
Optimal solution Physical
Case the final k2 = -Es/Es for @ meaning Case
feasible ks = -Csps
domain /(cepr)
kel < [ki] < At 0. Af=0 Csps/(cepr) is so low that steel bars are
3a el (Fig. 3g) more carbon efficient both for providing
strength and stiffness
Any point on (D Steel and BFRP bars are equally
carbon efficient for providing strength;
30 |ks| = |k1| < boj::aor; ;hfethe as long as the strength requirement is
|k feasible domain " . satisfied, the reinforcement quantity
. en using automatically satisfies the stiffness
(Fig. 3h) purely steel requirement
bars, the
Both (D) strength criterion | A combination of steel and BFRP bars
and @ il < ko] < Aot O, AT£0 governs the is the optimal, as steel bars are more
3c Egs. 3¢ el (Fig. 3i) design; when carbon efficient for providing strength
using purely and BFRP bars are more efficient for
and 3d BFRP bars, the providing stiffness
stiffness
Any pointon () | criterion governs Sbteel af:d. B':':P bars.:.re ec:.L;faIIy
the desian carbon efficient for providing stiffness;
3 |k1| < |k2| = bir::e(:r;:r:se ’ as long as the stiffness requirement is
[ksl) feasible domain satisfied, the reinforcement quantity
o automatically satisfies the strength
(Fig- 3i) requirement
kil < kol < Aoz 0, AT£0 csps/(cipr) is so high that BFRP bars are
3e K (Fig. 3i) more carbon efficient both for providing
strength and stiffness

It is worth noting that the steel-FRP-hybrid reinforcing solution is not yet covered by either ACI 440-1R [1]
or the current version of Eurocode 2 [18], despite its demonstrated feasibility in numerous studies [31], [32],
[33], [34]. If the hybrid solution is proven optimal (Cases 1c, 2¢, 3b, 3c and 3d in Fig. 3) but unviable due to
local code compliance or practical constraints, the second-best solution (pure steel or pure BFRP) can also
be identified via Fig. 3. In this scenario, the feasible domain contracts to points lying on coordinate axes.

Consequently, it is sufficient to compare only two boundary points in the feasible domain: one on the



horizontal axis possessing the minimum A, and the other on the vertical axis possessing the minimum A;.
The optimal design corresponds to whichever point yields the lower vertical-axis intercept for Eq. 3b.

An example of the section-level comparison using the proposed method is given as follows: for reinforcing
a 15-cm-thick concrete flat slab (C25/30) with a 5-meter span, the design of the section should satisfy the
ULS criteria under the load combination of 9.4 kN/m? and the SLS criterion limiting the deflection to no
more than 1/250 of span under the load combination of 4.35 kN/m? (obtained by load combinations
considering a dead load of 1 kN/m2, a live load of 2 kN/m2, and the self-weight); the values in Table 4 for
the material properties f;, fs, E:, Es, ¢t Cs, pr @and pg are applied. First, it can be obtained that |k, | < |k5| <
|k,|. Then, through sectional analysis of the bending-moment resistance, it can be obtained that the
strength requirement T; = 2.58x105 MPa-mm?; through an estimation of the immediate deflection A =
5wL*/(384E.l,) (w is the uniformly distributed load; L is the span, I, is the effective moment of inertia of
cracked sections), it can be obtained that I, should be at least 5.71x10” mm* and T, should be at least
4.86x107” MPa-mm?2 (it is conservatively assumed that I, of the mid-span section is used to calculate the
deflection of the slab). By drawing the figure with these values, it can be found that the relative positions of
the three lines correspond to Case 3c (Fig. 3i). Solving Egs. 3c and 3d, it can be obtained that A; = 345.1
mm?2 and A, = 156.7 mm2 (corresponding to the intersection point of the lines for Eq. 3c and Eq. 3d, as

shown in Fig. 3i) is the optimal solution, which suggests a hybrid reinforcement solution.
5. Carbon efficiency comparison at the structural element level: prismatic elements

Comparison of the carbon efficiency at the structural element level can provide more precise information for
the optimal choice of rebar type in terms of reducing the CO:2 of the entire structural element, as the optimal
choice of rebar type relies significantly on the structural factors (such as the span and the section depth),
and an optimal design, which can achieve the lowest COz2, is the optimal combination of the all the
adjustable factors including the rebar type.

At the structural level, elements can be categorized as either prismatic or non-prismatic. This section
compares the carbon efficiency of prismatic elements reinforced with steel or BFRP bars, whilst non-
prismatic elements are addressed in Section 6.

It is hypothesised that: a prismatic slab is simply supported under the uniformly distributed loads (dead load
G = 1 kN/m2, live load Q = 2 kN/m2). The span varies between 3 m and 8 m with step size of 0.1 m. The
slab thickness can vary between 0.08 m and 0.32 m with step size of 0.01 m. For each scenario generated

by varying the span and the slab thickness, the design is conducted to find the reinforcement quantity using



steel bars and BFRP bars, respectively, leading to a steel-reinforced slab and a BFRP-reinforced slab. For
simplicity, the design requirements are:

(1) Under the load combination for ULS (1.35G + 1.5Q), the reinforced sections should be able to resist to
the bending moment and shear force;

(2) Under the quasi-permanent load combination (G + 0.3Q) for SLS, the long-term deflection should not
exceed 1/250 of the span;

(3) The requirement for BFRP-reinforced slabs to avoid creep rupture: the stress in the BFRP bars under
the quasi-permanent load combination should not exceed 0.25 of the design tensile strength.

For aspects not specified above, the relevant ACI codes provisions [1], [14] are adopted. The functional
unit is defined as a concrete beam reinforced with either steel or BFRP bars that can satisfy the design
requirements.

For concrete, the specified compressive strength is 25 MPa and the mean elastic modulus is 31 GPa. For
steel bars, the specified yield strength of steel bars is 500 MPa and the elastic modulus is 210 GPa. For
BFRP bars, the guaranteed tensile strength is 1200 MPa and the elastic modulus is 50 GPa. The values in
Table 4 are taken for the carbon factors and densities.

Fig. 4 shows the design and carbon results of the 15-cm-thick slabs. As shown in Fig. 4a, for BFRP-
reinforced slabs, the ULS criteria govern the final reinforcement quantity when the span is shorter than 4.5
m (the “critical span”), whilst SLS criteria govern it for longer spans. In contrast, for steel-reinforced slabs,
this switching point happens at a larger value of the span (the critical span of around 5.1 m). When SLS
criteria govern the design, for the same span, the required BFRP reinforcement quantity for SLS is always
higher than the required steel reinforcement quantity for SLS, which can be explained by the lower elastic
modulus of BFRP than that of steel. The final reinforcement quantity is the higher value between the
quantity for ULS and that for SLS, and the CO: of the final reinforcement are shown in Fig. 4b. In Fig. 4b,
the range of COz is obtained using the low and high CO: ratios in Table 2 for the lower and upper bounds,
respectively. When comparing the slabs reinforced with medium-CO: steel bars versus those with medium-
CO:2 BFRP bars, when the span is between 4.7 and 5.2 m, the steel-reinforced slabs have lower GWP than
their BFRP-reinforced counterparts, whilst BFRP-reinforced slabs have lower GWP when the span is
outside this range.

The carbon results of all the slabs (using medium-CO: steel bars and medium-CO2 BFRP bars in Table 2
and ordinary concrete in Table 3) are shown in Fig. 5. It can be observed that, for the slabs of a certain

thickness, the pair of curves demonstrates a similar pattern to that of the 15-cm-thick slab in Fig. 4b. When



comparing the slabs of different thicknesses at a fixed span, the slab that has the lowest GWP among all
slabs (with different thicknesses and types of reinforcement) is always the one reinforced with steel bars,
as shown in Fig. 5a. For example, when the span is 5 m, the optimal solution is to use a 15-cm-thick steel-
reinforced slab (blue curve in Fig. 5a). The results are presented in three dimensions in Fig. 5b.

This can be explained by Figure 6a which demonstrates the total GWP of the slabs of different thicknesses
and reinforcement types when the span is fixed to 5 m. For steel-reinforced slabs, there exists an optimal
slab thickness (15 cm) that has the lowest total GWP among all steel-reinforced slabs. When the slab gets
thinner than 15 cm, the GWP of the whole slab gets higher because the GWP due to steel reinforcement
increases rapidly, as shown in Figure 6b; when the slab gets thicker than 15 cm, more concrete leads to a
higher total GWP. Therefore, the optimal solution can maintain a relatively low slab thickness within a
certain range (to reduce CO2 emissions from concrete), while ensuring the thickness is not too low (to
prevent a drastic increase in the GWP due to reinforcement). This optimal thickness of 15 cm for the 5-m-
span slab corresponds to the point in Fig. 4a that is close to the intersection point of the two curves of steel
slabs (at a span between 5.0 m and 5.1 m), which indicates that there is a good balance of ULS and SLS
design and the reinforcement quantity is not too much overdesigned for either of them.

For BFRP-reinforced slabs, the shape of the curve in Fig. 6a is similar to that of steel-reinforced slabs but
the optimal thickness is larger (17 cm), which can be explained by the lower elastic modulus of BFRP bars.
The overall minimum GWP value of the two curves is achieved by the steel-reinforced 15-cm-thick slab,

which is coherent with the conclusion drawn from Fig. 5.
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Fig. 4. Design and carbon results of the 15-cm-thick slabs (a: reinforcement quantities of steel-reinforced slabs and
BFRP-reinforced slabs for ULS and SLS, respectively; b: GWP of the reinforcement for steel-reinforced slabs and
BFRP-reinforced slabs, respectively)
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medium-CO2 BFRP bars, respectively, at different spans
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According to the results of Figs. 4-6, the overall optimal solution is the optimal combination of slab
thickness and the reinforcement type. If the span is fixed and the slab thickness is to be freely chosen by
structural engineers, steel reinforcement would always be the optimal choice in the presented cases.
However, in real construction projects, sometimes the slab thickness is imposed due to other
considerations (such as thermal insulation, acoustic insulation and vibration). When there is no freedom for
structural engineers to choose the carbon-optimal thickness, the optimal choice of reinforcement type may
vary. Fig. 7a shows which of the two reinforcement types is the better choice for achieving a lower overall

GWP of the slab when the span and the slab thickness are both fixed. It can be seen that, when the span is



given, the steel-reinforced slab can have lower GWP than the BFRP-reinforced slab only when the
imposed slab thickness falls within a certain range.

It is important to note that the carbon factors of steel and BFRP bars can have a significant influence on the
optimal choice of reinforcement type. As shown in Fig. 7, when the carbon factor of steel reinforcement

decreases by 30%, 50% and 60%, the zone where steel reinforcement is optimal becomes larger.
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Fig. 7. Optimal choice of reinforcement type between steel bars and BFRP bars to achieve a lower overall GWP of the
slab when the span and the slab thickness are fixed (a: medium-COz2 group in Table 2; b and c: 30% less and 50% less
than the medium-COz2 group; d: low-COz2 group in Table 2, which is 60% less)

To summarise:
(1) For either steel-reinforced or BFRP-reinforced slabs, when the span is fixed, an overly large thickness

leads to high CO2 from the concrete whilst an overly small thickness leads to high CO2 from the



reinforcement, both leading to high CO:2 of the whole reinforced slab. An optimal slab thickness exists that
can achieve the lowest CO:2 of the whole slab.

(2) For the presented cases with the provided medium carbon factors, when the span is fixed and the
thickness is adjustable, the slab with the lowest CO2 among all steel- and BFRP-reinforced slabs is always
the steel-reinforced slab with the optimal thickness for the studied cases.

(3) For the presented cases with the provided medium carbon factors, when the span and the slab
thickness are both fixed, the optimal reinforcement type depends on the span and the slab thickness. Steel
bars become the optimal choice of reinforcement type only when the slab thickness falls within a certain
range; otherwise, BFRP reinforcement is the optimal choice.

(4) Using the same type of bar but with lower COz2 can totally change the type of the optimal solution.
6. Carbon efficiency comparison at the structural element level: optimised non-prismatic elements

It can be seen from the previous section that the slab thickness plays an important role when choosing the
optimal reinforcement. This is because the prismatic slab has a constant thickness along the whole span,
and a slight difference in the slab thickness, usually dominated by only one critical section, can lead to a
considerable difference in the concrete quantity of the entire element, causing a significant difference in
COa.

In contrast, for non-prismatic beams and slabs, the local thickness might have a less significant influence
on the optimal choice of the reinforcement type, because the thickness varies along the span, and a local
increase in the thickness of a certain section does not result in a uniform increase in the concrete quantity
across the entire element. As a result, optimised non-prismatic elements could achieve higher carbon
efficiency than prismatic elements by using materials only where necessary.

Notably, additional CO2 emissions may be associated with the formwork necessary for creating curved
concrete elements if not carefully managed. Although this aspect falls outside the scope of the present
work, such emissions could be reduced using alternative construction methods, such as fabric formwork
[35], prefabrication with reusable moulds [36], or 3D printing without formwork [37].

The following example illustrates the methodology and process of comparing the CO2 emissions of steel-
and FRP-reinforced non-prismatic concrete slabs.

It is assumed that a non-prismatic slab is simply supported under the uniformly distributed loads (dead load
of 1 kN/m2, live load of 2 kN/m2), as shown in Fig. 8. [, varies between 3 m and 8 m with step size of 0.1 m,

and the ratio [, /I, varies between 0.1 and 0.5. The two types of load distribution should be taken into



account, as shown in Fig. 8a, which are the most unfavourable for the zones near the mid-span and near
the supports, respectively.

For each combination of [; and [,, two non-prismatic slabs are to be designed, one steel-reinforced and the
other BFRP-reinforced, based on the same configuration of shape patterns shown in Fig. 8b; additionally,
two reference slabs (prismatic flat slabs, one reinforced with steel and the other with BFRP) are also
designed as baselines for CO2 comparisons.

For the non-prismatic slabs, as shown in Fig. 8b, the lower surface of the slab has two different shape
patterns: A and B. For a 1-meter-wide slab, shape patterns A and B account for 30% and 70% of the width,
respectively. Shape pattern A is thicker at the mid-span and thinner at the supports, and shape pattern B is
the opposite. Shape patterns A and B form the web and flange of a T-section at the mid-span, respectively,
whilst near the supports, the roles are reversed, with patterns B and A forming the web and flange. The
advantage of this combination of shape patterns, compared to a slab with a single and uniform shape
pattern which is thicker both at the mid-span and at the supports, is that there is less risk of concrete
spalling or cracking due to the continuous reinforcement through re-entrant corners when the reinforcing

bars are straightened.
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Fig. 8. A simply supported non-prismatic slab (a: the most unfavourable distribution of load for the mid-span section
and the section at the supports, respectively; b: the conceptual design of the non-prismatic slab with Shape Patterns A
and B alternating in the transverse direction)

For shape pattern A, the reinforcement is on the bottom of the section along the whole slab; for shape
pattern B, the reinforcement is on the top of the section and covers the range of [,+1,/3 at each support.
The slab thickness is variable and should not be smaller than 10 cm to ensure sufficient thermal and
acoustic insulation performance. In terms of material properties, the same values for concrete, steel bars
and BFRP bars as those in Section 5 are used (except that the elastic modulus of BFRP bars is 52.6 GPa).
The values of medium-CO: steel bars and medium-CO2 BFRP bars in Table 2 and ordinary concrete in

Table 3 are used as the carbon factors. In terms of the design requirements, the same three requirements



of Section 5 are taken into account (except for the SLS requirement: the long-term deflection at the mid-

span section should not exceed 1/250 of 1,). The functional unit is defined as a concrete beam reinforced

with either steel or BFRP bars that can satisfy the design requirements. ACI codes [1], [14] are followed for

the design. Other aspects are the same as those in Section 4.

The non-prismatic slabs are designed separately using steel or BFRP bars. For each steel- or BFRP-

reinforced slab, the following steps are followed:

Step 1. The initial size is set for the mid-span section considering the flange thickness (shape pattern
B) of 10 cm and the web height (shape pattern A) of [,/22, and the reinforcement quantity for shape
pattern A is obtained by the sectional analysis so that the requirements for the moment resistance as
well as the creep rupture of the mid-span section are satisfied for the most unfavourable load
distribution (Fig. 8a).

Step 2. The span is divided into segments of 0.25 m in length. For each section along the entire slab,
the reinforcement quantity of shape pattern A obtained in Step 1 is kept constant, and the thickness of
shape pattern A at each section along the span of [, is obtained through sectional analysis.

Step 3. The section at the support is designed through sectional analysis considering the flange
thickness (shape pattern A) of 10 cm and a reinforcing ratio that is 1.2 times the minimum reinforcing
ratio, and the web height (shape pattern B) can be obtained by the sectional analysis so that the
requirements for the moment resistance as well as the creep rupture of the section at the support are
satisfied for the most unfavourable load distribution (Fig. 8b).

Step 4. The reinforcement quantity of shape pattern B obtained in Step 3 is kept constant for the zone
of [;+1,/3, and the thickness of shape pattern B at each section along the span is obtained through
sectional analysis.

Step 5. Through the previous Steps 1-4, the obtained design can satisfy the ULS criteria, but does not
necessarily satisfy the SLS criteria. It is checked whether the maximum deflection at the mid-span
section is within the allowable value, and if not, the web height (shape pattern A) should be increased
iteratively: within each iteration, the most efficient section to increase the thickness for reducing the
deflection is identified following the method presented in [38], and a unit concrete thickness of 1 cm is
added to the web (shape pattern A) for the identified most efficient section. This process is repeated
until the maximum deflection at the mid-span section is no longer excessive, and the final design can

satisfy the defined SLS criteria.



The reference slabs are designed using the recommended minimum thicknesses for design suggested by
ACI codes [1], [14] (I,/28 for steel-reinforced slabs and [,/22 for BFRP-reinforced slabs) as the constant
thickness; the quantity of rebar on the bottom of the section is constant for the entire slab and the quantity
of rebar on the top of the section is constant over the range of [;+1,/3. For simplicity, the transverse
reinforcement is not taken into account for any of the slabs, although it would be needed for both non-
prismatic slabs and reference slabs in real designs.

Some examples of the designed slabs are shown in Fig. 9, and the comparison of the CO2 (GWP A1-A3)
is shown in Fig. 10.

Comparing the CO2 of non-prismatic slabs with that of reference slabs, it can be seen that non-prismatic
slabs have significantly lower CO2 than their prismatic counterparts. When comparing the non-prismatic
steel-reinforced slabs with prismatic steel-reinforced reference slabs, for the ratio [,/ I, = 0.25 (Fig. 10a),
the non-prismatic slabs can achieve CO2 savings from 4.6% (I, = 3 m) to 48.4% (I, = 8 m) compared to
prismatic slabs, and this range is 6.3%—47.8% and 27.9%-57.5% for the ratio [,/ [, = 0.35 (Fig. 10b) and
l,/ 1, = 0.45 (Fig. 10c); when comparing the non-prismatic BFRP-reinforced slabs with prismatic BFRP-
reinforced reference slabs, the non-prismatic slabs can achieve CO: savings of 24.5%-59.1%, 24.3%-60.6%
and 54.8%—75.5% compared to prismatic slabs for the ratio [,/ [, of 0.25, 0.35, and 0.45, respectively. This
is mainly attributed to shape optimisation which allows using material only where it is necessary, leading to
a reduction in material quantity; additionally, the deflection is controlled in an efficient way, without the need
to increase the thickness uniformly throughout the entire slab.

Comparing the two groups of prismatic reference slabs, the CO2 of BFRP-reinforced reference slabs is
higher than that of their steel-reinforced counterparts, mainly due to the larger slab thickness and therefore
the larger volume of concrete since the recommended minimum thicknesses for design suggested by ACI
codes are [,/28 for steel-reinforced slabs and [,/22 for BFRP-reinforced slabs for deflection control.
Comparing the two groups of non-prismatic slabs, the difference is not significant: the CO2 of BFRP-
reinforced non-prismatic slabs is slightly lower than that of their steel-reinforced counterparts (6.1%—7.8%,
5.9%—-10.6% and 4.8%—14.4% lower for the ratio [,/ I, of 0.25, 0.35, and 0.45, respectively), which is the
opposite of the comparison of reference slabs. This can be explained by two reasons: 1) the excessive
deflection of BFRP-reinforced slabs due to the lower elastic modulus of BFRP than steel can be addressed
by adding more concrete to the most efficient section instead of increasing the thickness uniformly

throughout the entire slab; 2) the continuous end of the slab at the supports can mitigate the excessive



deflection at the mid-span section, and BFRP-reinforced slabs become more carbon efficient when the

design is governed by ULS criteria, similar to Fig. 4a.
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Fig. 9. Examples of steel- or BFRP-reinforced non-prismatic slab designs (a and b: /i/k = 0.25; c and d: 1/l = 0.35; e
and f: l1/l2= 0.45)
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Fig. 10. CO2 comparison of steel- or BFRP-reinforced non-prismatic and reference slabs (a: 1/l = 0.25; b: I/l = 0.35; c:
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The overall optimal solution consists of BFRP-reinforced non-prismatic slabs, which achieve CO2 savings
of 12.1%-51.5%, 11.8%-53.4% and 33.1%-63.6% for [,/ L, ratios of 0.25, 0.35, and 0.45, respectively,
compared to the traditional solution (steel-reinforced prismatic slabs).

To conclude:

(1) By comparing shape-optimised non-prismatic slabs with traditional prismatic slabs with the same type of
reinforcement, it can be seen that shape optimisation can achieve significant CO2 savings. When the slab is
reinforced with steel bars, shape optimisation can help achieve CO:2 savings of up to 48.4%, 47.8% and
57.5% for the presented example of slabs when the ratio [,/ I, is 0.25, 0.35, and 0.45, respectively; when
the slab is reinforced with BFRP bars, shape optimisation allows CO:2 savings of up to 59.1%, 60.6%, and

75.5% for the presented example of slabs when the ratio [,/ [, is 0.25, 0.35, and 0.45, respectively.



(2) For prismatic slabs, the BFRP-reinforced slabs have higher CO2 than their steel-reinforced counterparts
mainly because ACI| codes suggest a greater recommended minimum design thickness for BFRP-
reinforced slabs than for steel-reinforced slabs [1], [14].

(3) The overall optimal solution is the BFRP-reinforced non-prismatic slab, which have 4.8%—14.4% lower
CO:2 than steel-reinforced non-prismatic slabs, and can save up to 51.5 %, 53.4 % and 63.6 % CO:
compared to the traditional solution (steel-reinforced prismatic slab) for the ratio [,/ [, of 0.25, 0.35, and

0.45, respectively.
7. Conclusion and discussion

This paper has introduced a comparative framework for multi-level comparisons of the carbon efficiency
between FRP and steel bars, from the material-level to the section-level and structural-element-level
comparisons, which help provide quantitative comparative results for decision-making when selecting the
optimal rebar type for reducing the embodied carbon of structural elements. The applicability of each level

of comparison is shown in Table 6.

Table 6. Applicability of carbon efficiency comparisons at different levels

Comparison level Applicability

Quick comparison at the preliminary design stage, when the carbon data of locally available
Material bars are readily accessible but detailed information about the structural configuration is still

unknown

When the sectional-level information is available (the size of section is fixed and the

Section ) ) )
strength and stiffness requirements of the section are known)
Prismatic structural When detailed information (such as span and maximum section depth) of a project is
element available and the structural elements have a constant prismatic section along the span
Non-prismatic When detailed information (such as span and maximum section depth) of a project is
structural element available and the structural elements can be non-prismatic

It is worth noting that these four levels of comparison cannot be considered mutually equivalent since they
are based on different hypotheses and each possesses its own limitations. Each level focuses on a distinct
scale of analysis, relying on different limited data with varying precision, leading to conclusions that are
approximate and applicable only within a specific context or scale. They can be implemented either as
standalone evaluations matched to the current project stage and data availability, where only the single

most appropriate level of comparison is applied for selecting the optimal reinforcement solution for a



construction project; or they can form a sequential and progressive process, with additional levels of
comparison conducted as a construction project advances and more structural and environmental data
become available, to evaluate the final CO2 savings following the choice of the reinforcement solution.

The presented examples have demonstrated how each level of comparison should be conducted. The key
findings from the presented examples (based on the carbon data of Table 2 and Table 3) are:

e At the material level, steel bars are usually more carbon efficient for providing stiffness whilst BFRP
bars are more carbon efficient for providing strength;

e At the section level, the optimal choice of reinforcement type depends on: (1) whether strength or
stiffness criteria govern the design of the section; (2) the relative magnitude of CO2 emissions between
steel and BFRP bars.

e At the structural element level (prismatic elements), for either steel-reinforced or BFRP-reinforced
slabs, when the span is fixed, there exists an optimal slab thickness that can achieve the lowest CO:
of the whole slab; with the provided medium group of carbon factors, when the span is fixed but the
slab thickness is adjustable, the slab with the lowest CO2 among all steel- and BFRP-reinforced slabs
is always the steel-reinforced slab with the optimal thickness, however, when the span and the slab
thickness are both fixed, the steel reinforcement becomes the optimal choice of reinforcement type
only when the slab thickness falls within a certain range, otherwise BFRP reinforcement is the better
choice.

e At the structural element level (non-prismatic elements), BFRP-reinforced non-prismatic elements
have 4.8%-14.4% lower CO:2 than steel-reinforced non-prismatic elements. Regardless of the type of
reinforcement, shape optimisation can significantly reduce CO2 emissions. The most carbon-efficient
solution (non-prismatic BFRP-reinforced slabs) can save up to 63% of CO2 compared to the traditional
solution (prismatic steel-reinforced slabs).

The examples are based on the assumption of the carbon data presented in Table 2 and Table 3. Any
reduction in the CO2 emissions of reinforcing bars could substantially alter the comparison outcomes, as it
has been shown that the relative CO2 emission levels between steel and BFRP bars play an important role
in assessing their carbon efficiency. For real construction projects, comparisons can be conducted on a
case-by-case basis following the introduced comparative multi-level framework and methods using the real
project information and updated carbon data.

In terms of the research perspective, it would be interesting to conduct future research in the following

aspects:



(1) As the availability of EPD data (particularly for BFRP bars) is limited, further analyses can be conducted

in the future when more carbon data become available;

(2) Uncertainty analysis could be useful in the future, as it would provide additional insights to support

decision-making;

(3) Comparisons at the structural element level can be conducted with other types of structural elements,

such as beams and columns.
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