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Abstract 

Shape optimisation of concrete elements will reduce concrete consumption and hence embodied 
carbon. However, providing both formwork and reinforcement for shape optimised concrete 
elements is challenging due to their curved geometries. This paper explores a novel design and 
construction method for shape optimised concrete beams where flexible CFRP textile is used as a 
stay-in-place participating formwork, i.e. serving as both the formwork and reinforcement. The 
technical feasibility of the system was assessed by generating a series of beam designs to discuss 
the scale of the CFRP textiles required. Environmental feasibility was also assessed by estimating 
the embodied carbon of several designs against conventional beam designs. Due to the lack of 
readily available options in the present market, further studies are needed to assess the technical 
feasibility of using CFRP textiles up to 2 mm thick as participating formwork to reinforce beam 
designs required in practice. Shape optimisation can reduce concrete volume by up to 36% 
compared to equivalent prismatic beam designs with similar midspan depths. The midspan depth 
of the design with minimum embodied carbon for a given design criteria may not coincide with the 
depth of a conventional prismatic beam design, yet embodied carbon reductions up to 33% are 
possible.  

 

Keywords: Shape Optimisation; Embodied Carbon; Textile Reinforcement; Participating Formwork; 
Feasibility.  

 

1 Introduction 

In the presence of the climate emergency, reducing 
carbon emissions from all sectors is of paramount 
importance today. Therefore, minimising carbon 
emissions from the building design is important in 
the present context. A prominent strategy for 
reducing carbon emissions from building designs is 

minimising the quantity of construction materials 
used in the structural design. Conventional 
construction methods for concrete building 
elements involve prismatic rectangular geometries 
due to convenience, without using the fluidity of 
concrete to create optimised shapes. Shape 
optimisation of concrete elements allows to place 
only the required quantity of materials throughout 
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the span, minimising overall material consumption. 
However, concrete elements with unconventional 
optimised geometries are often characterised by 
curved surfaces, and novel construction methods 
are needed for both formwork and reinforcement. 

Casting concrete elements in shape optimised 
geometries has been previously illustrated by 
several studies using flexible fabric formwork [1], 
custom-made moulds [2], and stay-in-place 
formwork systems [3]. While some studies 
constructed shape optimised rebar cages with steel 
to reinforce shape optimised members [1], the use 
of CFRP has been investigated by several 
researchers since their flexibility facilitates easier 
construction of curved geometries [4]. This study 
explores a novel construction method of shape 
optimised concrete beams where flexible CFRP 
textile is used as a dual-purpose participating 
formwork, serving as both the formwork and 
reinforcement. The authors previously presented 
preliminary experiments and the development of 
analysis methods [5]. This paper assesses the 
environmental and technical feasibility of using 
CFRP textile as a participating formwork for shape 
optimised concrete beams in practical applications. 

 

2 Development 

In the tested prototype [5], a commercially 
available CFRP textile was used as the flexible fabric 
formwork during the construction and later as both 
the flexural and shear reinforcement once the 
concrete hardens (Figure 1). The participating 
formwork textile was fixed onto tailored timber 
falsework to achieve the target optimised shape of 
the beam. Fresh concrete was directly poured to 

dry CFRP textile without using a bonding agent. 
Some concrete penetrated through the textile 
without noticeable dripping through the textile, 
hence improving the bond between the concrete-
CFRP interface. The resin curing was performed 
only after the concrete hardens, after demoulding 
the falsework and cutting off the excess CFRP 
textile. During the testing, the prototype 
prematurely failed in a brittle manner at 75% of the 
estimated capacity due to stress concentrations in 
CFRP participating formwork. However, the 
specimen did not exhibit any visible debonding of 
the CFRP textile. Therefore, the initial testing 
revealed the potential of the CFRP participating 
formwork while highlighting the future work 
needed in terms of stress concentrations, bond 
behaviour, and deformability.  

The previous experiments successfully 
demonstrated the construction methods and their 
results set path for future studies in the area. 
However, the beam prototype was only 2 m long 
and developed using a commercially available  
375 g/m2 CFRP textile. Applications in practice need 
longer spans and higher capacities. To assess the 
technical feasibility of the proposed system, 
several beam designs can be developed for a range 
of spans to estimate the expected range of 
thickness of CFRP textile and to discuss potential 
challenges. The previous prototype had 33% less 
concrete compared to a rectangular prismatic 
beam with a similar midspan depth and an aspect 
ratio of 2:3 [5]. However, the embodied carbon 
share from CFRP textile reinforcement is different 
compared to steel rebars due to the differences in 
both (1) the required amount of reinforcement and 
(2) the embodied carbon coefficient of the 
reinforcing material. Therefore, the environmental 

 

Figure 1. A prototype of shape optimised beams with CFRP participating formwork. 
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benefits of shape-optimised beams with CFRP 
participating formwork can be assessed by 
comparing embodied carbon against an equivalent 
conventional steel-reinforced prismatic beam 
design. 

 

3 Methodology 

Four concrete beams with C30/37 spanning 3 m,  
4 m, 6 m, and 8 m with CFRP participating 
formwork are designed in this report for Ultimate 
Limit State. The design loads are estimated 
assuming the beams are in a square-shaped 
column grid supporting two-way spanning slabs. 
Simply supported conditions are assumed at this 
stage for convenience in calculations. The 
directions of fibres and thickness across the fabric 
are not optimised in this scope but are only 
estimated for peak moment at midspan and peak 
shear force at the support.  

The initial estimation of the optimum geometry 
used in this study is based on the optimisation 
algorithms developed by Jayasinghe et al. [6] 
previously for steel-reinforced beams. The 
geometry with minimum possible embodied 
carbon for shape optimised concrete beams may 
be different for CFRP participating formwork 
compared to steel reinforcement. There are 
several design parameters that can be 
simultaneously changed to trade off the amount of 

concrete and CFRP used in the design to achieve a 
similar flexural capacity, as shown in Figure 2. In 
this context, 9 discrete design alternatives with the 
same flexural capacity were generated for the 6 m 
span beam by changing the thickness of the CFRP 
textile, depth at midspan, and width at the top of 
midspan. Embodied carbon coefficients for C30/37 
Concrete, Reinforcing Steel (85%recycled), and 
CFRP were taken as 0.132 kgCO2/kg [7],  
1.20 kgCO2/kg [7], and 22.88 kgCO2/kg [8] 
respectively. The embodied carbon of each design 
option was estimated and compared with a 
benchmark of prismatic beam design that was 
developed according to Eurocode 2 [9] and the 
design guide by The Concrete Centre for Economic 
Concrete Frames [10]. 

An example design of the case of a 6 m beam is 
presented in this paper. The initial geometry of the 
beam was taken as a scaled version of the shape 
derived by Jayasinghe et al. [6]. The design 
methods to estimate the required longitudinal and 
transverse reinforcement were developed 
according to BS EN 1992-1-1 [9] and the fib 
technical report for FRP Reinforcement [11]. The 
aspects related to the serviceability limit state are 
not yet included in this study at these early stages 
of design explorations but should be verified in 
future studies. 

This study used a 0/90o bidirectional woven CFRP 
textile as the participating formwork, assuming the 
thickness can be increased until the required 

 

Figure 2. Design parameters for shape optimised beams with CFRP participating formwork. 
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capacity is achieved. The textile was assumed to be 
laid to align the fibres vertically and horizontally 
compared to the axis of the beam, providing 
flexural and shear reinforcement respectively. The 
thickness of the CFRP textile reinforcement is kept 
constant throughout the beam geometry at this 
stage. The required thickness of the CFRP textile at 
the midspan of the beam was estimated first, and 
the shear capacity at the support was later verified. 
Due to the brittle nature of FRP rupture, the 
sections were designed to be over-reinforced with 
an expected failure being due to concrete crushing. 
Figure 3 illustrates the idealised stress and strain 
profiles of a section in the beam reinforced with 
CFRP participating formwork. The curved section is 
idealised as a rectangular for simplicity. The tensile 
capacity of the section is assumed to be provided 
by both the CFRP textile portion at the bottom and 
the sides below the neutral axis. 

An initial estimate of the thickness of CFRP textile 
and the section size was selected to begin the 
design process, and they were adjusted on a trial-
and-error procedure until the required capacity 
was achieved, keeping the system over-reinforced. 
As per the manufacturer’s datasheets of the CFRP 
textile used in the previous experiments, tensile 
strength, tensile modulus, and strain at failure 
were taken as 3450 MPa, 230 GPa, and 1.5% 
respectively. The equations describe the design 
procedure for the section at midspan for the 6 m 
span beam. The calculations are illustrated 

assuming the thickness of the CFRP textile as  
1.3 mm, and the depth is 500 mm. It is assumed 
that the width at the top of the section at midspan 
is 350 mm to give the same width for the 
compression zone, and the shape is optimised to 
have a reduced width of 150 mm at the bottom of 
the section. Due to the 0/90oweaving, it is assumed 
that 50% of fibres will work as longitudinal 
reinforcement. Hence, the force is calculated as an 
integration from the bottommost fibre to the 
neutral axis. It is assumed that the maximum 
compressive strain at concrete is 0.0035. 

 

List of symbols used in the design equations: 

fcfrp  - Characteristic tensile strength of 
CFRP 

fck  - Characteristic compressive strength 
of concrete 

Ecfrp  - Tensile modulus of CFRP 
d  - Depth of the section 
bw  - Width at the bottom of the section 
bf  - Width at the top of the section 
bf0  - Width at the top for a balanced-

reinforced section 
t  - Thickness of CFRP textile 
xb  - Depth to neutral axis for the 

balanced-reinforced section 
xo  - Depth to neutral axis 
Fc  - Total compressive force in concrete 
Fcfrp_b  - Force in CFRP at the bottom surface 
Fcfrp_s  - Force in CFRP on the sides 

 

Figure 3. Stress and Strain profile of a section reinforced with CFRP participating formwork  
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Ft  - Total tensile force in CFRP 
εb  - Strain at the bottom fibre in CFRP 
Mo  - Moment capacity of the section 
wo  - Equivalent uniformly distributed load 

carrying capacity 

 

Using Eqns. (1)-(7); xo = 141.2mm, Mo = 243kNm, 
and wo = 53.1kN/m 

Verify Over-reinforced state: from Eqn. (2); εb = 
0.009 < 0.01 (ultimate design strain) 

 

Therefore, this section is over-reinforced and fails 
by concrete crushing in the compression zone, as 
preferred. A 1.3 mm thick CFRP textile can 
hypothetically provide the flexural reinforcement 

needed for a 500 mm deep and 350 mm wide 
midspan section in a 6 m span beam at the Ultimate 
Limit State. The shear capacity was also estimated 
using the method suggested in the fib guidelines 
[11] assuming the same CFRP textile will be used 
throughout the beam surface, and found to be less 
critical compared to flexural performance in this 
case.  

 

4 Results and Discussion 

Shape optimised beam designs with CFRP 
formwork for several spans are presented in  
Table 1. Concrete beams spanning 3 m to 8 m 
require CFRP textiles (0.5 mm to 2 mm thick), not 
commonly available from UK FRP suppliers. The 

𝐹𝑐  =  0.8𝑥𝑜  ×  0.57𝑓 𝑐𝑘 ×  𝑏𝑓 (1) 

𝜀𝑏  =  0.0035 ×  (𝑑 − 𝑥𝑜)/𝑥𝑜 (2) 

𝐹𝑐𝑓𝑟𝑝_𝑏  =  𝜀𝑏  × 𝐸𝑐𝑓𝑟𝑝  ×  𝑏𝑤  ×  𝑡/2 (3) 

𝐹𝑐𝑓𝑟𝑝_𝑆
= (

𝜀𝑏

2
) × 𝐸𝑐𝑓𝑟𝑝 × (𝑑 − 𝑥𝑜) × 2 × 𝑡/2 (4) 

𝐹𝑐  = 𝐹𝑐𝑓𝑟𝑝_𝑏  +  𝐹𝑐𝑓𝑟𝑝_𝑆
 (5) 

𝑀𝑜  =  {𝐹𝑐𝑓𝑟𝑝𝑏
 ×  (𝑑 −  0.4𝑥𝑜)} + {𝐹𝑐𝑓𝑟𝑝_𝑆

 × (𝑑 − 0.4𝑥𝑜 −  
𝑑 −  𝑥𝑜

3
)} 

(6) 

𝑤𝑜 =
8𝑀𝑜

𝑙2
 

(7) 

 

Table 1. Summary of the beam designs with CFRP participating formwork for various span lengths 

Span  3m 4m 6m 8m 

Design Loads  21.9 kN/m 31.0 kN/m 53.1 kN/m 79.8 kN/m 

Dimensions 

at Midspan 

Depth  250 mm 330 mm 500 mm 660 mm 

Width at bottom  75 mm 100 mm 150 mm 200 mm 

Width at top  150 mm 200 mm 350 mm 530 mm 

Dimensions 

at Support 

Depth  120 mm 150 mm 250 mm 300 mm 

Width 150 mm 200 mm 300 mm 400 mm 

Thickness of CFRP textile  0.5 mm 0.8 mm 1.3 mm 2.0 mm 
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designs assume no premature failure, but 
preliminary experiments warned of the possibility. 
Therefore, the technical feasibility of using CFRP 
textiles as formwork depends on (1) the possibility 
of manufacturing textiles up to 2 mm thickness and 
(2) potential premature failures at a real-life scale, 
requiring further studies. 

Design details for 9 beams with a 6 m span and 
similar capacity are in Table 2, while Figure 4 
illustrates their embodied carbon compared to a 
conventional steel-reinforced prismatic beam. 
Option 9 matches the midspan depth of the 
conventional solution for comparison. Shape 
optimisation yields a concrete volume reduction of 

Table 2. Summary of the discrete beam designs with CFRP participating formwork for 6 m span 

 

Dimensions at Midspan 
Dimensions at 

Support 
Thickness 

of CFRP 

textile 

Design 

Loads (≥ 

53.1 kN/m) Depth 
Width at 

bottom 

Width at 

top 
Depth Width 

Option 1 500 mm 150 mm 350 mm 250 mm 300 mm 1.3 mm 54.0 kN/m 

Option 2 500 mm 150 mm 330 mm 250 mm 300 mm 1.4 mm 53.4 kN/m 

Option 3 450 mm 150 mm 400 mm 250 mm 300 mm 1.7 mm 53.4 kN/m 

Option 4 550 mm 150 mm 310 mm 250 mm 300 mm 1.0 mm 54.1 kN/m 

Option 5 400 mm 150 mm 400 mm 250 mm 300 mm 3.2 mm 53.3 kN/m 

Option 6 450 mm 150 mm 350 mm 250 mm 300 mm 2.2 mm 53.4 kN/m 

Option 7 600 mm 150 mm 300 mm 250 mm 300 mm 0.7 mm 54.3 kN/m 

Option 8 600 mm 150 mm 200 mm 250 mm 300 mm 1.4 mm 53.6 kN/m 

Option 9 450 mm 150 mm 300 mm 250 mm 300 mm 3.1 mm 53.5 kN/m 

 

 

 

Figure 4. Embodied carbon of several design options for 6m span beam 
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up to 36%, but the design with the minimum 
embodied carbon (Option 7), having 34% less than 
the conventional option, has a higher midspan 
depth. This suggests the potential for further 
carbon reduction by optimising the CFRP textile 
thickness throughout the beam surface. 

The design calculations presented in this study 
assume full utilisation of the CFRP textile 
formwork, based on the properties provided by the 
producers. However, preliminary experiments 
have indicated potential premature failures due to 
stress concentration. Previous studies on using FRP 
textiles as reinforcement also suggest the 
possibility of under-utilisation of participating 
formwork due to debonding, slips within the 
textile, and localised strains [12]. Therefore, the 
design methods presented herein could be 
overestimating the capacity of the proposed 
system, and further experimentations are 
necessary to investigate the above aspects. The 
authors are currently exploring the possibility of 
using fibre-reinforced concrete to improve the 
utilisation of CFRP textiles and prevent premature 
failures. While this paper highlights potential 
embodied carbon savings in conceptual design, 
additional research is required to address 
deformability, safety, and premature failure 
concerns. 

 

5 Conclusions 

Shape optimised concrete beams that use CFRP 
textile as both the formwork and reinforcement 
require a textile thickness of up to 2 mm for beams 
in a real-life scale. While such products are not 
widely available commercially, the design methods 
herein assume no premature failures, although 
preliminary experiments have indicated the 
possibility of such occurrences. Hence, the 
technical feasibility of the novel system depends on 
the possibility of manufacturing textiles with 
thicknesses up to 2 mm and potential premature 
failures in the composite system at such scale. 
Although shape optimisation can reduce concrete 
usage by up to 36% compared to a conventional 
steel-reinforced beam design, the design with 
minimum possible embodied carbon may have a 
different overall depth. There is potential for 

further embodied carbon reduction by optimising 
the thickness of the CFRP textile across the beam 
surface. Despite using the same thickness for CFRP 
textile throughout the beam, embodied carbon 
savings of up to 34% are possible and, hence, 
environmentally feasible. 
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