
Poroelasticity with Implication 
in Earth Sciences

Alex Cheng
University of Mississippi

Presented at
National Central University, Taiwan 
January 5, 2018



Outline
• Porous materials
• Pioneers
• Poroelastic mechanisms
• Physical phenomena and applications



POROUS MATERIALS







PIONEERS



Leonardo da Vinci (1452-1519)



Codex Leicester (1506-1510)
The Earth is a living body. Its soul is its ability to 
grow. This soul, which also provides the Earth with 
its bodily warmth, is located in the inner fires of the 
Earth, which emerge at several places as baths, 
sulfur mines or volcanoes. Its flesh is the soil, its 
bones are the strata of rock, its cartilage is the tufa, 
its blood is the underground streams, the reservoir 
of blood around its heart is the ocean, the systole 
and diastole of the blood in the arteries and veins 
appear on the Earth as the rising and sinking of the 
oceans.



Karl von Terzaghi (1883-1963)
Father of Soil Mechanics



Controversy Between Terzaghi and 
Fillunger (Father of Mixture Theory)

Controversy on   
• What is the role of pore pressure in the 

uplift, friction, and sliding failure of 
masonry dams?

• Does pore pressure change the ultimate 
strength of concrete?

• The consolidation phenomenon: what is 
the role of pore pressure on the volumetric 
deformation of porous materials?

• Resulting to the suicide of Fillunger



Effective Stress
• Terzaghi: Intuitive approach based on 

experimental observation (1923).
• Fillunger: Theoretical derivation which is 

the forerunner of the present day mixture 
theory.

• Biot introduced the Biot effective stress in 
1941.



Equation for effective stress
• Terzaghi: ܲᇱ ൌ ܲ െ ݌
• Fillunger: ܲᇱ ൌ ܲ െ ݌߮
• Biot: ܲᇱ ൌ ܲ െ ݌ߙ



Nur and Byerlee 1971 
Experiment 



Maurice A. Biot (1905-1985)
(Father of Poroelasticity)



“We propose to show that a linear theory of 
consolidation can be established by combining 
the theory of elasticity with Darcy's law of flow of 
a fluid through a porous material. … The element 
is assumed to be large compared to the pore 
size.” (Maurice Biot, 1935)



POROELASTIC 
MECHANISMS



Drained and Undrained 
Responses

undrained drained





Skempton Pore Pressure Effect



Effective Stress
Based on extensive historical study, de Boer 
called the attention to a controversy 
between Karl von Terzaghi (father of soil 
mechanics) and Fillunger (father of mixture 
theory) on the correct form of the effective 
stress. According to de Boer, the 
controversy is still not settled.



Equation for effective stress
• ܲᇱ ൌ ܲ െ ሺ?ൈ (݌
• Terzaghi: ܲᇱ ൌ ܲ െ ݌
• Fillunger: ܲᇱ ൌ ܲ െ ݌߮
• Biot: ܲᇱ ൌ ܲ െ ݌ߙ
• de Boer: ܲᇱ ൌ ܲ െ ߙ ൅ φ െ φߙ ݌	
• Effective stress for volumetric deformation
• Effective stress for material failure



Biot Effective Stress





Effective Stress for Failure 
(Pore Collapse)
• Experimental observations on sandstones, 

limestone, and granite showed that the 
ultimate strength and ductility of rocks are 
unique functions of the Terzaghi effective 
compressive stress. 

• The first stage of compressive failure is 
likely to be characterized by the collapse 
of pore space than the yielding of solid 
phase. 

• Porosity variation is a function of the 
Terzaghi effective stress only. 



Extension of effective stress 
concept
• ܲᇱ ൌ ܲ െ ሺ?ൈ (݌

• What if ?ൈ ݌ ൐ ܲ such that ܲ ൏ 0
(tension)?

• What if ݌ ൏ 0 such that ܲᇱ ൐ ܲ (more 
compressive)?



Pinch-off test

Bridgman, P. W. (1912), Breaking tests under 
Hydrostatic pressure and conditions of rupture, 
Philosophical Magazine, 24(139), 63-80.



How to build a sand castle?
• Which is more stable, dry sand, wet 

(partially saturated) sand, and fully 
saturated sand?

• Dry sand (݌ ൌ 0), partially saturated sand 
݌) ൏ 0), fully saturated sand (݌ ൐ 0)



Coal Cavitation

Mined cavitation burn pit



Coal Mine Outburst



POROELASTIC 
PHENOMENA



Mandel and Cryer Effect



Noordbergum & Rhade Effect

• Noordbergum effect: With the injection of 
fluid into the formation, the pressure head 
in a nearby observation well falls before it 
rises.



Subsidence



Borehole Failure
• Compressive failure
• Mohr-Coulomb failure
• Tensile failure
• Mud weight design



Borehole Drilling Design 
Software: Pbore-3D



Slope Stability and Fault 
Slippage



Overthrust Faulting 

Overthrust of brown Eastend Formation (left) onto 
white/gray Whitemud Formation (right), Dirt Hills, 
Saskatchewan, Canada. 



Beer Can Experiment



Liquefaction
• Acceleration and propagation of 

dilatational induced weight reduction 
causing particles to lose contact. 

• Compression caused pore pressure 
reduces effective stress

• Cyclic loading caused soil compaction 
results in cyclic pore pressure built up. 



Earthquake: Pore Pressure 
Observation

Nature, 2003



Earthquake Aftershock

Nur, A., and J. R. Booker 
(1972), Aftershocks caused 
by pore fluid flow?, Science, 
175(4024), 885-887.



Fracking Induced Earthquake



Water Wave and Seabed 
Interaction



Formation Response to Tidal and 
Barometric Waves



Poroviscoelasticity and Anelastic 
Strain Recovery



Porothermoelasticity and Burst 
of Saturated Concrete in Fire



Poroelastodynamics
• Two compressional waves, one shear wave
• Waves are dispersive (wave speed is frequency 

dependent) 



Seismoelectric Exploration
• J-Effect: Change of electricity between two 

probes with the passage of elastic wave
• E-Effect: Naturally occurring electrical 

current ahead of earthquake wave.



Seismoelectromagnetic Effect



Typical Governing Equations: 
Poroelastodynamics

• Time domain

• Frequency domain



THE END

A.H.-D. Cheng, 
Poroelasticity, Springer, 877 
p., 2016.
Chapter 1 Introduction, 59 
pages, free for download

http://www.springer.com/us/book/9783319252001


