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Importance for Deflections
 Young-age loading due to:

 Chosen formwork method, and;

 General construction schedule

 High loads on young concrete causes cracking

 Do conventional models still apply to very young 

concrete?

Icr =
b(kd)3

3
+nAs(d - kd)2Ec = 57,000 f 'c



Stress-Strain Curves 

for Early-Age Concrete



Khan, Cook & Mitchell (1995)
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Jin, Shen & Li (2005)
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Equations for σc-εc Diagrams
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Equations for σc-εc Diagrams
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Initial Findings
 Conventional relationships predict strain-

softening behaviour

 Equations underestimate ε0 for young 

concrete

 Adjusting ε0 will fit data but underestimates 

ascending branch
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Hognestad at Early Ages
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Hognestad at Early Ages
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ACI Equation at Early Ages
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Key Findings
1. Conventional relationships predict strain-softening 

that is not reflected in the data

2. Accuracy of conventional relationships depend 

heavily on ε0

o Using calculated ε0 does not fit data well

o Adjusted ε0 will fit data but underestimates Ec

o Challenging to determine appropriate ε0

3. ACI equation overestimates Ec – unconservative for 

deflection calculations



Moment-Curvature

Analysis



Parameters
 The parameters that were varied include:

oMaterial Properties

o Age at Testing

oReinforcement Ratio

ρ = 0.5%, 1.0% & 2.0% 

t = 9.7 hrs to 28 days

f’c & Ec

600mm

300mm

520mm

Cross Section
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3-Stage Approx. (ρ = 0.5%) 
 Linear-Uncracked

 Linear-Cracked
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3-Stage Approx. (ρ = 0.5%) 
 Linear-Uncracked

 Linear-Cracked

 Nonlinear-Cracked
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M-Φ at Early Ages
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M-Φ at Early Ages

0

10

20

30

40

50

60

70

80

0.00E+00 2.00E-06 4.00E-06 6.00E-06 8.00E-06 1.00E-05 1.20E-05

M
o

m
e
n

t

Curvature Φ

3 Stage

Mn



M-Φ at Early Ages
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M-Φ at Early Ages

0

10

20

30

40

50

60

70

80

0.00E+00 2.00E-06 4.00E-06 6.00E-06 8.00E-06 1.00E-05 1.20E-05

M
o

m
e
n

t

Curvature Φ

ACI EcIcr
Khan, 9.7h EcIcr

EC  

(MPa)

ICR

(x106mm4)

ECICR

(kN*m2)

Khan, 9.7h 5000 3830 19100

ACI 6500 3220 21000

Khan, 9.7h

f ’c = 2.1MPa 

σc-εc Khan, 9.7h



M-Φ at Early Ages
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M-Φ at Early Ages
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M-Φ at Early Ages
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M-Φ at Early Ages

0

10

20

30

40

50

60

70

80

0.00E+00 2.00E-06 4.00E-06 6.00E-06 8.00E-06 1.00E-05 1.20E-05

M
o

m
e
n

t

Curvature Φ

Mn

Adjusted 

Todeschini

Todeschini

σc-εc Khan, 9.7h
Hognestad

Method ε at Max Φ at Max Mmax

Khan, 9.7h 0.0044 1.12E-05 74.0

3-Stage 0.0030 7.85E-06 56.6

Adj. Tod. 0.0022 6.19E-06 62.7

Todeschini 0.0013 4.35E-06 57.3

Hognestad 0.0044 1.12E-05 72.0



M-Φ at Early Ages
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M-Φ at Service Loads
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1 Day old M-Φ at Service 

Loads

Method % Difference in Φ 

Todeschini -2.9%

Adj. Tod. -1.2%

Hognestad 11.3%

ACI EcIcr -0.8%

Khan, 1d, EcIcr -0.2%

Khan, 1 day

f ’c = 11.5MPa

38% 28 day strength 



Effect of ρ
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Effect of ρ on EcIcr
EcIcr/(Khan, 9.7h)

Age ρ ACI Todeschini Hognestad

9.7h

(f ’c = 2.1 MPa)

0.5% 1.10 0.91 1.07

1.0% 1.13 0.88 1.09

2.0% 1.17 0.85 1.11

14.5h

(f ’c = 8.0 MPa)

0.5% 1.04 0.96 1.03

1.0% 1.05 0.95 1.03

2.0% 1.07 0.93 1.05

17.7h

(f ’c = 11.0 MPa)

0.5% 1.01 0.97 1.00

1.0% 1.01 0.96 0.99

2.0% 1.01 0.95 0.99

1d

(f’c = 11.5 MPa)

38% f ’c(28)

0.5% 1.01 1.01 1.00

1.0% 1.01 1.01 0.99

2.0% 1.01 1.01 0.99



In Conclusion
1. Shape of stress-strain curve at young ages 

does not exhibit strain softening

2. Conventional stress-strain models predict strain-

softening and depend heavily on ε0

3. Equations for strain at maximum stress do not 

work well for young concretes

4. ACI equation overestimates Ec at young ages –

unconservative for deflections



In Conclusion
5. Some idealizations do not apply to young 

concrete, inadmissible if f’c is exceeded

6. Moment-curvature response based on EcIcr valid 

at young ages



Next Steps
• More comparisons to experimental studies by 

others

• Time-dependent deflections of concretes loaded 

at very young ages
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