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INTRODUCTION 
State of the art 
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Shear strength 

• Dry soil  

𝜏max = 𝑐 + 𝜎N. tan𝜑 
 

 

 

 

 

• Unsaturated soil 
𝜏max = 𝑐 + 𝜎N′. tan𝜑 

   Bishop: 

  𝜎N
′ = 𝜎N + 𝜒∆𝑢 

       Until now: 

χ = 𝑆R 
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Water retention curve 

• Relation ∆𝑢 and 𝑆R 

 

• Degree of saturation: 

  𝑆R =
𝑉w

𝑉v
 

 

• Hysteresis 
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Capillary bridge / meniscus 

• Suction:    
∆𝑢 = 𝑢a − 𝑢w 

 

 

 

• Capillary force: 

𝐹cap = 𝐹L + 𝐹T 

• Laplace force 

𝐹L = 𝜋𝑟0². ∆𝑢 

• Tension force 

𝐹T = 2𝜋𝑟0. 𝛾 
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Capillary force - determination 

• Determination of the shape 𝑟(𝑧) 

 

 

 

 

 

 

• Israelachvili 

• Small volumes of water: 

   𝐹 = 2𝜋𝑅𝛾cos𝜃 
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MATLAB code by 

Professor Lambert 

𝑉w 𝛾 𝑅 𝜃 

𝐹cap 𝐹L 𝐹T ∆𝑢 



Comparison 

Effective stress 

• Bishop 

• 𝜎′ = σ + 𝜒∆𝑢 

• until now: 𝜒 = 𝑆R 

 

 
𝜒 =? 

Capillary force 

• Determination of the shape 

• 𝐹cap = 𝜋. 𝑟0². ∆𝑢 + 2𝜋𝑟0. 𝛾 

 

• Israelachvili 

• 𝐹 = 2𝜋𝑅𝛾cos𝜃 
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ANALYTICAL COMPARISON 
Effective stress parameter 
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Comparison 

Effective stress 

• Bishop 

• 𝜎′ = σ + 𝜒∆𝑢 

 

 with 𝜒 = 𝑆R 

 

 

Capillary force 

• Determination of the shape 

• 𝐹cap = 𝜋. 𝑟0². ∆𝑢 + 2𝜋𝑟0. 𝛾 

 

• Israelachvili 

• 𝐹 = 2𝜋𝑅𝛾cos𝜃 
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Conversion 

• 𝐹cap vs 𝜎′ 

• 𝜎′ =
𝐹cap

𝐴tot
= 

𝐹cap

π𝑅²
 

 

• 𝑉w vs 𝑆R 

• 𝑆R =
𝑉w

𝑉v
=

𝑉w

𝑉tot−2.
1

2
𝑉sphere

=
𝑉w

𝜋.𝑅².2.𝑅−
4

3
.𝜋.𝑅³

=
3.𝑉w

2.𝜋.𝑅³
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Pendular regime 

• Inside regime (𝑆R < 5%) 

•  𝐹cap = 𝐹L + 𝐹T 

           = 𝜋. 𝑟0². ∆𝑢 + 2𝜋𝑟0. 𝛾 

 

 

 

• Outside regime (𝑆R > 5%) 

• 𝐹cap = 𝐹L + 𝐹T 

           = 𝜋. 𝑟0². ∆𝑢 + 2𝜋𝑟0. 𝛾 
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Inside regime 
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Fisra(10°)

Fbishop(10°)

Fcap(100°)

Fisra(100°)

Fbishop(100°)Attractive (𝜃=10°) 

Repulsive (𝜃=100°) 

Shape: 𝐹cap = 𝜋. 𝑟0². ∆𝑢 + 2𝜋𝑟0. 𝛾 

Israelachvili: 𝐹 = 2𝜋𝑅𝛾cos𝜃 

Bishop: 𝜎′ = 𝑆R∆𝑢 
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Outside regime 
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Bishop 

• 𝐹𝑐𝑎𝑝 = 𝜋𝑟0². ∆𝑢 + 2𝜋𝑟0. 𝛾 

• 𝜎′ =
𝐹𝑐𝑎𝑝

𝐴𝑡𝑜𝑡
=

𝜋𝑟0²

𝜋𝑅²
. ∆𝑢 =

𝑟0²

𝑅²
. ∆𝑢 ≈ 𝑆𝑅 . ∆𝑢 

𝑆𝑅 =
𝑉𝑤

𝑉𝑣
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Own approximation 

• 𝑉𝑤 ≈ 𝑟0
3 

 

• 𝑆𝑅 =
3.𝑉𝑤

2.𝜋.𝑅³
≈

3.𝑟0
3

2.𝜋.𝑅³
 

 

• 𝐹𝑐𝑎𝑝 = 𝜋𝑟0². ∆𝑢 + 2𝜋𝑟0. 𝛾 

• 𝜎′ =
𝜋𝑟0²

𝜋𝑅2 . ∆𝑢 +
2𝜋𝑟0.𝛾

𝜋𝑅2  

  ≈
2𝜋

3
𝑆𝑅

2/3
. ∆𝑢 +

2𝛾

𝑅

2𝜋

3
𝑆𝑅

1/3
 

  = 𝜒1. ∆𝑢 + 𝜒2 
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Inside regime 
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Fcap(10°)

Fapprox(10°)

Fbishop(10°)

Fcap(100°)

Fapprox(100°)

Fbishop(100°)

Shape: 𝐹cap = 𝜋. 𝑟0². ∆𝑢 + 2𝜋𝑟0. 𝛾 

Own approximation: 𝜎′ = 𝜒1. ∆𝑢 + 𝜒2 

Bishop: 𝜎′ = 𝑆R∆𝑢 

Attractive (𝜃=10°) 

Repulsive (𝜃=100°) 
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Outside regime 
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MICROSCOPIC TESTS 
Capillary force 
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Test setup 

 

 

 

 

 

 

• Measured: 
• Capillary force 𝐹cap 

• Volume of water 𝑉w 

• Contact angle 𝜃 

• Filling angle 𝜑 

 

 

 

 

 

 

• Results: 
• Experiments = theory 

• Influence of 𝜃 less than 
expected 

 

19 



MACROSCOPIC TESTS 
Shear strength 
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Shear strength 

• Unsaturated soil: 

𝜏max = 𝑐 + 𝜎N′. tan𝜑 

 

• Compare 4 possibilities: 

21 

No suction σ𝑁
′ = σ𝑁   

Bishop σ𝑁
′ = σ𝑁 + 𝑆𝑅∆u  

Own approximation 1 σ𝑁
′ = σ𝑁 + 𝜒1∆u  

Own approximation 2 σ𝑁
′ = σ𝑁 + 𝜒1∆u + 𝜒2  

with 𝜒1 =
2𝜋

3
𝑆𝑅

2/3
 and 𝜒2 =

2𝛾

𝑅

2𝜋

3
𝑆𝑅

1/3
 . 



Test setup 

Normal stress 𝜎𝑁 

Shear stress 𝜏 

Suction ∆𝑢 

Determine 𝜏𝑚𝑎𝑥 = 𝑓(∆𝑢, 𝜎𝑁)  
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Materials 

• Steel spherical particles 

• Diameter: 2mm 

 

• Sieved sand 

• Diameter: 208-417µm 
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Dry tests 
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  Steel spheres Sand 

Cohesion 𝒄 (kPa) 0.3452  0.0721  

Friction angle 𝝋 tan−1 0.7146 = 35.55°  tan−1 0.7955 = 38.50°  

𝜏max = 𝑐 + 𝜎N. tan𝜑 



Apply suction 

• 𝑆R =
𝑉w

𝑉v
=

𝑉v−𝑉a

𝑉v
=

𝑉v−𝑧2

𝑉v
 

• ∆𝑢 = 𝑧1. 10kPa/m = 𝑧1. 0.1kPa/cm 
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Water retention curve 
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shear strength - steel spheres 
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Added weight = 0g 

Added weight = 77.47g 

𝜏max = 𝑐 + 𝜎N′. tan𝜑 

No suction σ𝑁
′ = σ𝑁   

Bishop σ𝑁
′ = σ𝑁 + 𝑆𝑅∆u  

Own 1 σ𝑁
′ = σ𝑁 + 𝜒1∆u  

Own 2 σ𝑁
′ = σ𝑁 + 𝜒1∆u + 𝜒2  

with 𝜒1 =
2𝜋

3
𝑆𝑅

2/3
 and 𝜒2 =

2𝛾

𝑅

2𝜋

3
𝑆𝑅

1/3
 . 



shear strength - sand 
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Added weight = 0g 

Added weight = 77.47g 

𝜏max = 𝑐 + 𝜎N′. tan𝜑 

No suction σ𝑁
′ = σ𝑁   

Bishop σ𝑁
′ = σ𝑁 + 𝑆𝑅∆u  

Own 1 σ𝑁
′ = σ𝑁 + 𝜒1∆u  

Own 2 σ𝑁
′ = σ𝑁 + 𝜒1∆u + 𝜒2  



CONCLUSION 
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Overview 
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Capillary force Effective stress 

Experiments Experiments 

comparison 

1 

2 3 



Conclusion 

 
𝜎N

′ = 𝜎N + 𝜒∆𝑢 

 

 

χ = 𝑆R   <   χ =
2𝜋

3
𝑆𝑅

2/3
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Perspective 

• Polydisperse soils 

• 𝑉𝑤 ≈ 𝑟0
3? 

 

• Clay particles 

• Platelets 

• Chemical interaction 
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THANK YOU 
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