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Operational energy is shrinking

60 year life cycle
68% Embodied : 32 % Operational

 British Land Commercial City Office (201)

Getting to ZOEB

100% Embodied : 0 % Operational
Ibn-Mohammed 2013 Operational vs. embodied 

emissions in buildings—A review of current trends. 

Energy and Buildings

Embodied carbon 

(WBCSD, Decarbonizing construction 2021) 

OWID, 2022
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https://www.giatecscientific.com/education/defending-
concrete-most-sustainable-construction-material/

https://www.giatecscientific.com/education/defending-concrete-most-sustainable-construction-material/
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Cement manufactured in 2016

Per person* per year 
* Global average

CDIAC Global Carbon Budget http://cidac.ornl.gov/GCP

1.9 m3

http://cidac.ornl.gov/GCP
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 John Orr 2016

Environmentally inefficient design structures 
1. Overdesigned structures
2. Structural grid spacing and regularity
3. Optimized element shape 
4. Codes are imposing minimum limits for 

material
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Industrial Problem

McKinsey, The Next Normal in Construction, 2020 
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Orr et al 2022

The crux is minimizing embodied carbon but keeping a long span
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50 kgCO2eq/m2
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Orr et al 2021

-30-40%

Literature survey 
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Material: High-performance, self-compacting 
fiber-reinforced concrete (SCFRC)

Slenderness = 20 

Mass = 119 kg/m2

(López et al., 2014)

Material: UHPFRC

Slenderness = 17.5 

Mass = 119 kg/m2

(Liew et al., 2017)

Prof. Philippe 
Block



UHPFRC 2024
October 21-23

Menton 
(France)

Aljawhary 
et al.

UHPC
ribbed
vaulted
floors

Material cost and embodied carbon, estimated

Eco-UHPFRC 
without fibers

Steel fibers

Cost 359 $/m3 8000 $/ton

For 1 % of fibers: 
Mass = 76 kg/m3

608 $

Embodied
CO2

395
kgCO2/m3

1.5 kgCO2/kg

For 1 % of fibers: 
Mass = 76 kg/m3

114 kgCO2

13

(Bouchard et al.  2022) 

RESEARCH : OBJECTIVES
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• An anti-funicular vaulted 
unreinforced concrete floor

• Geometry optimized using 
Thrust Network Analysis (TNA) 
(Block & Ochsendorf, 2007)

• 70% reduction in volume 
compared to solid slabs

• Max. deflection = 1/500 of the 
span

• ~2 kPa selfweight

Fig. 1: Layout and dimensions of the studied 
floor

Section (A-A)
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Fig. 2: Geometrical 
model with constraints

Fig. 3: Finite element 
mesh

• 4-noded solid 
tetrahedrons

• Mesh size = 5-300mm 
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Fluendo Fiber
Non-linear finite 
element model 
implemented in 

Cast3m

Tensile law:

•Pull-out 
model

• Fiber 
orientation

Prediction of 
narrow crack 
widths

Fiber pull-out 
mechanisms:

•Abrasion

•Particles 
accumulation

• Fiber end 
anchorage

Considers:

•Matrix-fiber 
properties

• Spatial fiber 
distribution

Strain-
hardening: 
Weibull-
based 
stochastic 
approach 
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Properties of Eco-UHPFRC

Modulus of elasticity (Eu) 38.5 GPa

Elastic limit stress (fUte) 8.2 MPa

Elastic limit strain (εUte) 0.021%

Ultimate tensile strength (fUtu) 12.1 MPa

Ultimate hardening strain (εUtu) 0.14%

Ultimate compressive strength (f ‘c) 120 MPa

Properties of fibers

Shape Straight

Section Circular

Length 13 mm

Diameter 0.2 mm

Tensile strength 2860 MPa

Fig. 4: Tensile law 
by Fiber Fluendo –

Cast3m 

(a) Randomly oriented fibers

(b) Uniformly oriented fibers 
in the direction of tension
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Materials properties

 Tran, Sorelli et al. 2023b

Standard UHPC eco2-UHPC
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Fig. 5: Load-displacement curves of the 3 slab geometry forms

2.2 kPa

4.85 kPa

Self-weights

1.15 kPa
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Fig. 7: Tensile damage contours just before failure (uniform fiber 
content = 2%)

(a) Bottom view (b) Top view

• Zone A: Severely 
damaged

• Zone B: Slightly 
damaged

Cases A Cases B Cases C
Case (1) (2) (3) (4) (1) (2) (3) (1) (2) (3) (4)

Zone A 2% 2% 2% 2% 3% 3% 3% 4% 4% 4% 4%

Zone B 2% 1.5% 1% 0.5% 3% 2% 1% 4% 3% 2% 1%

Zo
n

e B
Zo

n
e B

Zone BZone B
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Fig. 8: Load-deflection curves for all cases
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Why load increased at lower fiber content? 
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Fig. 9: Load-deflection curves for Case C

4%
1-3%

4% 4%
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Results: Optimum cases
Optimum selection criteria:

1.Max crack width at SLS < maximum allowed 

(0.4mm)

2.Max. deflection at SLS < L/360 = 13.9mm (live load)

Max. deflection at SLS < L/250 = 20mm  (total load)

3. ULS safety factor for ultimate capacity > 1.0

Most optimum case:

Case A with zone A (2.0%) and zone B (0.5%) 

(Least factor of safety = 1.04 for the ultimate 

capacity which indicates that it provides the 

necessary strength without being overdesigned)

25

Fig. 10: Load-deflection curves for the 
optimum cases
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Case A (Zone A=2%) Case B (Zone A=3%) Case C (Zone A=4%)

Case Cost 
($/m2)

Embodied 
CO2

(kg/m2)

Vf-avg
(%)

Cost 
($/m2)

Embodied 
CO2

(kg/m2)

Vf-avg
(kg/m3)

Cost 
($/m2)

CO2
(kg/m2)

Vf-avg
(kg/m3)

(1) 130 52 2 181 61 3 231 71 4

(2) 119 49 1.8 157 57 2.5 208 66 3.5

(3) 107 47 1.5 134 52 2.1 184 62 3.1

(4) 95 45 1.3 161 57 2.6

Table 2: Estimation of material cost and embodied carbon for all cases

26
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Fig. 11: Load-deflection curves for the optimum cases 
and crack width contours (crack width in mm)
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Conclusions

Optimizing cost and carbon by using UHPFRC with varying fiber 
content within the structures enables:

•A significant reduction in both cost (by 40-60%) and embodied 
carbon (by 20-40%) compared to a uniform fiber distribution.

•Interestingly, it also increases load capacity by promoting the 
formation of additional crack lines at collapse (yield lines).

Future work will focus on updating the results under uniform loads, 
optimizing the shape and fiber content for different elements (ribs, 
slabs, zones).
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Why load increased? 

ADD A PLOT OF CRACK WIDTH WITH LEGEND 
INDICATING THE LOAD WHEN IS TAKEN FOR CURVE 
RED AND BLUE (AT HE SAME DEFLECTION IF POSISBLE)
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