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1. Reminder about pressuremeter tests

• Determination of Em and pl

Plastic behaviourPseudo-elastic range
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Load-bearing layer

2. General behaviour of rigid inclusions

QP(0) + FN = Qmax = FP + QP(L) 
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3. Rigid inclusions design based on Finite Element Models
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3. Rigid inclusions design based on Finite Element Models

• Use of linear elastic perfectly plastic law with Mohr-Coulomb’s 

failure criterion

• Main basic parameters

• Young’s modulus EY

• Poisson’s ratio ν

• Unit weight γ

• Effective cohesion c’

• Effective friction angle φ’

• Which values should be input ?

• 𝐄𝐘 =
𝐄𝐦

𝛂
?

• c’ and φ’ determined from lab tests ? 
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4. Semi-empirical mobilization laws of Frank and Zhao

• Behaviour at the inclusion bottom

sb

𝐤𝐪 =
𝟏𝟏𝐄𝐌

𝐁
for fine-grained soils, 𝐤𝐪 =

𝟒.𝟖𝐄𝐌

𝐁
for granular soils

B : inclusion diameter

sb

q

Limit value of end-bearing pressure of an inclusion

(determined in this case based on pressuremeter method)

Vertical displacement of the inclusion bottom

Stress at the inclusion bottom
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4. Semi-empirical mobilization laws of Frank and Zhao

ple* : equivalent net limit pressure into the anchoring layer

kp : pressuremeter bearing factor
𝐪𝐛 = 𝐤𝐩𝐩𝐥𝐞

∗

ple
∗ =

1

b + 3a
 

D−b

D+3a

pl
∗ z dz

Def =
1

ple
∗  

D−hD

D

pl
∗ z dz

hD = 10B (is comprised between 3 m to

4.2 m)

a = max
B

2
; 0.5 = 0.5 m

b = min a; h = 0.5 m
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• Estimation of the limit end-bearing pressure: qb (as per Appendix F of Standard NF P94-262)
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• Behaviour along the interface soil/inclusion

4. Semi-empirical mobilization laws of Frank and Zhao

𝐤𝛕 =
𝟐𝐄𝐌

𝐁
for fine-grained soils, 𝐤𝛕 =

𝟎.𝟖𝐄𝐌

𝐁
for granular soils

B : Inclusion diameter

ss-i

ss-i

Relative displacement soil-Inclusion

Skin friction

Limit value of skin friction

(determined in this case based on pressuremeter method)
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4. Semi-empirical mobilization laws of Frank and Zhao

• Estimation of the limit skin friction: qs (as per Appendix F of Standard NF P94-262)

αpieu-sol : dimensionless parameter depending on pile type and soil type

fsol : function depending on soil type and pl
* value

𝐪𝐬 = 𝐦𝐢𝐧 𝛂𝐩𝐢𝐞𝐮−𝐬𝐨𝐥 × 𝐟𝐬𝐨𝐥 𝐩𝐥
∗ ; 𝐪𝐬;𝐦𝐚𝐱
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5. Calibration of FEM input parameters on Frank & Zhao’s 

laws

• Skin friction (along the inclusion in surrounding soil)
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• Load at the inclusion bottom (in the anchoring layer)
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5. Calibration of FEM input parameters on Frank & Zhao’s 

laws

EY = Em/α

c’ = qs (qs determined based on pressuremeter method)

φ’ ≈ 0°

EY = 1.5 to 6 x Em/α

c’ = qb/9 (qb determined based on pressuremeter method), API (1991)

φ’ ≈ 0°
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6. Example: Plate Load Tests in Venette, France

• Pressuremeter tests

Existing fill

Em Pl α

MPa MPa -

15 0.96 1/2

5.5 0.43 1/2

35 2.50 1/3

γ c’ φ’

kN/m3 kPa °

20 11 25

20 6 31

20 0 43

From lab tests

Soft silts

Sands and gravels

1 m

4 m

4.5 m
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Existing fill

Soft silts

Sands and gravels

• Presentation of the finite element  model – initial parameters

• Skin friction

• Inclusion bottom behaviour

6. Example: Plate Load Tests in Venette, France

Based on pressuremeter method

Inclusion
320 mm diameter

50 cm anchoring length

qs = 80 kPa

qs = 60 kPa

qs = 170 kPa

qb = 5.8 MPa

γ c’ φ’ EY

[kN/m3] [kPa] [°] [MPa]

Sands 16.5 0 43 = EM/α = 105

γ c’ φ’ EY Rinter

[kN/m3] [kPa] [°] [MPa] [-]

Fill 20 11 25 = EM/α = 30 1

Silts 20 6 31 = EM/α = 11 1

Interface Sands 16.5 0 43 = EM/α = 105 1
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6. Example: Plate Load Tests in Venette, France

• Load test curve with initial 

parameters – Comparison with 

Frank and Zhao’s mobilization 

laws
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6. Example: Plate Load Tests in Venette, France

• Load test curve with initial 

parameters – Comparison with 

Frank and Zhao’s mobilization 

laws
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6. Example: Plate Load Tests in Venette, France

• Load test curve with initial 

parameters – Comparison with 

Frank and Zhao’s mobilization 

laws
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6. Example: Plate Load Tests in Venette, France

• Calibrated parameters

• Skin friction

• Inclusion bottom behaviour

γ c’ φ’ EY

[kN/m3] [kPa] [°] [MPa]

Sands 16.5 650 0
1 x EM/α, 1.5 x EM/α,

3 x EM/α ?

γ c’ φ’ EY Rinter

[kN/m3] [kPa] [°] [MPa] [-]

Fill 20 80 0 30 1

Silts 20 60 0 11 1

Interface Sands 16.5 170 0 157.5 1

Fill

Silts

Sands
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6. Example: Plate Load Tests in Venette, France

At inclusion bottom

• Load test curve with calibrated 

parameters – Comparison with 

Frank and Zhao’s mobilization 

laws 

γ c’ φ’ EY

[kN/m3] [kPa] [°] [MPa]

Sands 16.5 650 0 = 1.5 x EM/α = 157.5
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6. Example: Plate Load Tests in Venette, France

At inclusion bottom

Along interface soil/inclusion
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• Load test curve with calibrated 

parameters – Comparison with 

Frank and Zhao’s mobilization 

laws 
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6. Example: Plate Load Tests in Venette, France

At inclusion bottom

At inclusion head

Along interface soil/inclusion
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• Load test curve with calibrated 

parameters – Comparison with 

Frank and Zhao’s mobilization 

laws 
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6. Example: Plate Load Tests in Venette, France
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7. Conclusion

• Classical determination of the FE input parameters is often very 

conservative

• The calibration of the input parameters on the empirical curves 

from Frank & Zhao allows to better simulate the rigid inclusion 

behaviour

• The Frank & Zhao curves require the use of the pressuremeter test 

parameters Em et pl

• Three modelling parameters need to be calibrated:

• Effective cohesion

• Effective friction angle

• Young’s modulus

Thank you for your attention


