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Industrial Problem

Operational energy is shrinking
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Over time, the operational energy decarbonizes

. Operational carbon (energy) . Embodied carbon (materials)

(¢~ WBCSD, Decarbonizing construction 2021)

60 year life cycle
68% Embodied : 32 % Operational

¢ British Land Commercial City Office (201)
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Defending the Most Sustainable
Construction Material: Response to
CNN

ﬂ’ BY AALI R. ALIZADEH

Material

Concrete

Fired Clay Bricks

Woed (Platin Timber)

Wood (Multi-Layer Board)

Steel

https://www.giatecscientific.com/education/defending-

concrete-most-sustainable-construction-material/
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Example of fully productized value chain (eg, real estate
new build), current and future value pools, p.p. W value at risk Remaining value added W value shifted M value captured
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Material: High-performance, self-compacting
fiber-reinforced concrete (SCFRC)

Slenderness = 20
Mass = 119 kg/m?

Prof. Philippe
Block

Material: UHPFRC
Slenderness = 17.5
Mass = 119 kg/m?
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RESEARCH : OBJECTIVES
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Fiber volume content

Material cost and embodied carbon, estimated

Eco-UHPFRC Steel fibers
without fibers
Cost 359 $/m3 8000 $/ton
For 1 % of fibers:
Mass = 76 kg/m?
608 S
Embodied | 395 1.5 kgCO2/kg
COZ kgCOz/m3

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

(Bouchard et al. 2022)
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Wu et al., 2020

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

WJ_ —
5

A
0% <

Section (A-A)

—— — E
39)
o

]
m

= 45mm
|

45 mm

Fig. 1: Layout and dimensions of the studied
floor 15
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Finite Element Model

Fig. 2: Geometrical

_uy Model with constraints

Fig. 3: Finite element
mesh

e 4-noded solid
tetrahedrons

* Mesh size = 5-300mm
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Finite Element Model

/Considers: \

* Matrix-fiber
properties

* Spatial fiber

k distribution/
/ Strain- N\

hardening:
Weibull-
based
stochastic

\.approach /

4 N

Fluendo Fiber
Non-linear finite
element model
implemented in

Cast3m

N /
ﬁiber pull-out \

mechanisms:

e Abrasion

* Particles
accumulation

* Fiber end

\ anchorage /

ﬂl’ensile law: \

* Pull-out
model

* Fiber

\_ orientation -
4 )

Prediction of
narrow crack
widths

- J

17



UHPFRC 2024

October 21-23
Menton

(France)

<

Aljawhary
et al.

UHPC
ribbed
» yaulted

Finite Element Model

Properties of Eco-UHPFRC

Modulus of elasticity (E,) 38.5 GPa
Elastic limit stress (f,;.) 8.2 MPa
Elastic limit strain (&) 0.021%
Ultimate tensile strength (f,,) 12.1 MPa
Ultimate hardening strain (g,,,) 0.14%
Ultimate compressive strength (f ,) | 120 MPa
Properties of fibers

Shape Straight
Section Circular
Length 13 mm
Diameter 0.2 mm
Tensile strength 2860 MPa

Stress (MPa)

Stress (MPa)

0 0.5

—pf=1%
—pf=2%
—pf=13%
—pf=4%
0 0.5

Fig. 4: Tensile law
by Fiber Fluendo —

1
Strain (%)

Cast3m

1.5

— (a) Randomly oriented fibers

— (b) Uniformly oriented fibers
,in the direction of tension
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w/c~0.45

w/f~0.2

& Tran, Sorelli et al. 2023b
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Effect of ribs

450

——Ribbed vaulted floor
——Lower bound: lower shell only

Self-weights

350 ——LUpper bound: nb-filled floor

250

200

150

104

l <)

0 3 10 13 20 23 30
d (mm})

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

4.85 kPa

2.2 kPa

1.15 kPa
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* Zone A: Severely
damaged

UHPC e Zone B: Slightly
wes | damaged
N
0, U3 »
Q M ’Qe
4 w /\/0
oneB— Zone B
N <
o ? OO@
z\/O D <
i

Scenarios of Fiber Distribution

(a) Bottom view
Fig. 7: Tensile damage contours just before failure (uniform fiber
content = 2%)
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.52
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0,37

| 0.33

0. 25
0,23
0,19
0,14

9. 37E=-02
4.69E-02

(b) Top view

Cases A Cases B Cases C
Case | (1) | (2) | B) | @ | (@) | (2 | B) | (@) | (2| (B[ (4
ZoneA | 2% | 2% | 2% | 2% | 3% | 3% | 3% | 4% | 4% | 4% | 4%
ZoneB | 2% [1.5%| 1% [0.5%| 3% | 2% | 1% | 4% | 3% | 2% | 1%
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Results: Load-deflection curves

e — e —

(1) Zone A (2%) - Zone B (2%)
—(2) Zone A (2%) - Zone B (1.5%)
—(3) Zone A (2%) - Zone B (1%)

—(4) Zone A (2%) - Zone B (0.5%)

—(1) Zone A (3%) - Zone B (3%)
—(2) Zone A (3%) - Zone B (2%)
—(3) Zone A (3%) - Zone B (1%)

0 10 20 30

d (mm)

Fig. 8: Load-deflection curves for all cases

0 10 20 30
d (mm)

—(1) Zone A (4%) - Zone B (4%)
—(2) Zone A (4%) - Zone B (3%)
—(3) Zone A (4%) - Zone B (2%)
—(4) Zone A (4%) - Zone B (1%)

10 15 20 25 30
d (mm)
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—(1) Zone A (4%) - Zon
—(2) Lone A (4%) - Zone
A%, 4%
. 0 5 10 15 20 25
d (mm)

Fig. 9: Load-deflection curves for Case C
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Results: Optimum cases

—(1) Case A: Zone A (2%) - Zone B (0.5%)
——(2) Case B: Zone A (3%) - Zone B (1%)
—(3) Case C: Zone A (4%) - Zone B (1%)

0 5 10 15 20 25 30

d (mm)

Fig. 10: Load-deflection curves for the
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)
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Results: Comparison

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

300

250

200

~ 150

100

15
d (mm)

—(1) Case A: Zone A (2%) - Zone B (0.5%)
——(2) Case B: Zone A (3%) - Zone B (1%)
—(3) Case C: Zone A (4%) - Zone B (1%)

Case A (Zone A=2%) Case B (Zone A=3%) Case C (Zone A=4%)
Case | Cost | Embodied | Vf-avg Cost | Embodied | Vf-avg Cost CO, Vf-avg
($/m?) CO, (%) | (5/m?) CO, (kg/m3) | ($/m?) | (kg/m?) | (kg/m?>)
(kg/m?) (kg/m?)
(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

26



UHPFRC 2024
October 21-23

Menton
(France)

Aljawhary
etal.

UHPC
ribbed

:vauhed I

700
600

Results: Uniformly distributed load

Case C
—2Zone A (4%) - Zone B (2%)
e A (4%) - Zone B (1%0)
0 20 40 60 80 100
d (mm)

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

Aljawhary
et al.

UHPC

ribbed carbon (by 20-40%) compared to a uniform fiber distribution.

vaulted

*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, g
optimizing the shape and fiber content for different elements (ribs,
slabs, zones).
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Why load increased?

300

250

200

150 ~ == — -

P (kN)

100

50

“““““““ Case Material [CO, Max. crack Max. ES for
cost (kg/m2) width at Deflection ultimate
($/m2) SLS (mm) fpt SLS capacity
________________ mm)
(1) | 389 182 0.289 10.5 1.04
(2) | 549 212 0.340 11.0 1.07
—(1) Case A Zone A (2%) - Zone BO%) | [(3) [ 660 | 232 | 0221|115 |12

——(2) Case B: Zone A (3%) - Zone B (1%)
—(3) Case C: Zone A (4%) - Zone B (1%)

10 15 20 25 30
d (mm)

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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