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✓ Lab studies are often performed to collect input data for existing numerical or analytical 
models.

✓ Lab studies can also be performed to mimic in situ behaviour by applying appropriate fluid 
saturation, stresses, pore pressure and temperature, and not at least: stress path.

✓ How can we use LAB data to describe in situ seismic and geomechanical behaviour of rock 
masses?

― The laws of physics are the same in the lab as in the field.
― Lab tests provide understanding of the physical mechanisms involved.
― This permits models to be developed – «most are wrong, but some are useful» …

Relating Lab Reality to Field Reality
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LAB
Cores removed from depth

• Core damage due to stress & pore 
pressure relief

• Stress & pore pressure control, 
often isotropic stress and without 
pore pressure

• Altered saturation – dry, irreducible 
water saturation, fully or partially 
gas / oil / water re-saturated

• Altered temperature, can be 
controlled

Core sizes on cm scale

• Static strains, pore volume 
changes, stresses & pore pressure

• Ultrasonic velocities (mostly)

FIELD
In situ formation

• Intact, or altered by drillout of 
borehole

• In situ stresses or borehole 
stresses, in both cases with 3 
principal stresses & pore 
pressure

• In situ saturation (gas / oil / water)
• In situ temperature, affected by 

borehole fluid for near well 
measurements

Borehole or field scale (0.1 – 103 m)

• Indirect measurements of 
minimum formation stress(XLOT), 
direct pore pressure (reservoirs)

•  Seismic reflectivity & velocities 
(10-100 Hz), Sonic velocities from 
logs (1-20 kHz)
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LAB FIELD

MODEL
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✓ Isotropic Loading of spherical particles: 
Nonlinear stress-strain behaviour is largely in 
accord with Hertz-Mindlin grain pack models.

― Reloading Loading
― Dynamic = Static bulk modulus
― => Elastic behaviour

Granular media
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✓ Hertz-Mindlin grain contact theory (e.g., Walton, 1987) 
gives bounds for P- and S-wave velocities in spherical 
grain packs, but fails to predict the observed stress 
dependence, even for isotropic loading.

― Input: Solid particle bulk & shear modulus, porosity of random dense 
packing, and coordination number n.

✓ Numerical simulations with a discrete particle model 
(PFC3D) fitted the lab data – at least for isotropic loading. 

Wave velocities in granular media
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✓ Anisotropic (uniaxial strain) Loading : 
― Static  dynamic modulus
― Hysteresis, Reloading  Loading
― Shear stress (non-isotropic stress path => Non-

elastic behaviour)

Granular media
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✓ Hertz-Mindlin models are «mean field theories», 
assuming all grain contacts contribute equally. Grain 
rotation is also neglected, which tend to overestimate S-
wave velocities at low stress.

✓ In reality, stresses distribute into local force chains 
through the granular material. This can be mimicked by 

― Stress dependent coordination number
― Stress dependent fraction of slip vs no-slip contacts 

✓ A generalised stress path dependent model was 
developed by Torset & Holt (2021) based on Walton (1987) 
and Bandyopadhyay (2009).

Wave velocities in granular media

Uniaxial strain loading of dry glass beads

Torset & Holt (2021)
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Cracks and pores reduce the stiffness of a material

• Small volume
• Soft (compression 

→ large % reduction 
in volume)

• Soft → Hard

• Soft → a little less soft

• Large volume
• Hard (compression 

→ small % reduction 
in volume)

• Hard → a little harder

• Hard → a little harder

Saturation 

(a consequence of increasing pore pressure)

Thomsen (1995): Pore pressure equalization between cracks and pores 
Saturation 

Properly described 
theoretically:
Eshelby (1957)
Hudson (1980)
etc., etc., ...

Hard to verify 
experimentally
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Thomsen (1995): Pore pressure 
equalization between cracks and 
pores 
 anisotropy prevails also in 
saturated rocks

Hudson (1980): Isolated, saturated 
cracks 
 saturation nearly eliminates 
anisotropy

We made a physical model 
that enabled resolution of 
this discrepancy

  100 kHz

   500 kHz

Crack-pore communication

poor – not enough time for pore pressure equalization
good – sufficient time for pore pressure equalization

Rathore, Fjær, Holt & Renlie (1995) 
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Parallel to crack face

Normal to crack face
P-waves

Dry sample

Parallel to crack face
 input signal

Normal to crack face
    Different input, 
    same output

The cracks act as a filter:
- Blocking high frequency 
components
- Reducing the velocity of 
low frequency components

Skjærstein & Fjær (2001)
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Wavelength 

Crack size
Reduced velocity
Low attenuation

Unaffected velocity
High attenuation

T

T

V
f


=Transition frequency

Frequency  f

Attenuation vs frequency

- May be obtained by analysis 
of amplitude spectra from 
sample with cracks, 
using the spectrum from a 
sample without cracks as 
reference

Transition wavelength

T

Fjær & Suarez-Rivera (1998)
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Wavelength 

Crack size
Reduced velocity
Low attenuation

Unaffected velocity
High attenuation

Frequency  f

Attenuation vs frequency

- We may analyse the slow 
component of a split shear 
wave, using the fast 
component as reference

Fast 

Slow 

T

Fjær & Suarez-Rivera (1998)
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✓ Core Quality: How does the stress relief during coring affect 
rock mechanical properties?

✓ Field challenge: How does it affect the prediction of subsidence 
in the depleting fields?

✓ Our answer was to form synthetic sandstone under in situ 
stress conditions:

― Measure compaction starting from the forming stress to mimic reservoir 
compaction,

― Unload with stress changes that mimic core retrieval, reload  and measure 
cored rock compaction.

Synthetic sandstones – when real rocks fail…

Holt, Brignoli & Kenter (2000)
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✓ The experiments show that the core is initially softer 
(by a factor  2 or so) .
― Core damage is explained by breaking of cement bonds 

between the grains, introducing microcracks in the intact 
rock.  

✓ The experiments also show that the «reservoir» is 
softening with time. 
― This is a different damaging process introduced mainly 

by increasing shear stress but also by normal stress, 
leading to plastic deformation. 

Core damage effects on compaction

Uniaxial Strain Path

Holt, Brignoli & Kenter (2000)
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When making artificial rocks,
we wish to reproduce natural conditions:

- Compaction 
- Cementation

Fjær, Rathore & Holt (1992)

Increasing compaction → 
- Lower porosity
- Increasing stiffness & velocities, or - ?

Expected

Observed



Stress effects on the rock framework

Sedimentation 

Grains are 
brought 
together

Burial

The grains 
deform under 

stress

Diagenesis

Cement is added.
The cement is not 

under stress

Uplift/injection
(or coring)

The grains are still 
compressed, but the 
cement is in tension

Cracks

Cracks will be formed during unloading, even if the stresses remain compressive



Stress effects on the rock framework
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Core Damage & 4D Seismic

✓ Low stress sensitivity during virgin loading 
(depletion) – effect of cementation.

✓ Significant stress sensitivity during 
unloading (inflation) and reloading (core 
measurement) – effect of cement bond 
breakage.

✓ Field observations (from, e.g., Gullfaks: 
Higher stress sensitivity in areas with 
injection than with depletion, and 
apparently lower stress sensitivity in 
depleting regions than predicted from 
core measurements (Landrø et al., 2005).
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Synthetic sandstone formed by cementation under simulated in 
situ stress conditions (here: 30 MPa vertical, 15 MPa horizontal)

Holt, Nes & Fjær (2005)



21

Holt, Nes & Fjær (2005)The rock formation process

Increasing stress 
→ increasing velocities

Uniaxial compaction 
followed by cementation

Anisotropic stress 
→ velocity anisotropy

Added contact stiffness 
→ increasing velocities

Added contact stiffness is isotropic 
→ velocity anisotropy strongly reduced

Cementation largely eliminates 
stress induced anisotropy
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Eissa & Kazi (1988)

Linearly elastic material:

Estatic = Edynamic

Rocks:

Estatic  Edynamic

Estatic < Edynamic



Static moduli: drained (usually) or undrained

Dynamic moduli: always undrained (if fully saturated)

For comparison: 
Different conditions can be avoided, or accounted for

Potential causes for the difference 
between static and dynamic moduli:

- Drainage conditions



Potential causes for the difference 
between static and dynamic moduli:

- Drainage conditions
- Anisotropy

Static measurements → Ev, Eh, vh, …

Dynamic measurements → C11, C33 , C44, …

We need to compare corresponding moduli
- May require inversion of the stiffness (or compliance) matrix
     we need a lot of measurements!



To avoid anisotropy problems while comparing static and 
dynamic moduli in laboratory tests, 
use K0 (r = 0) stress path:

 Same modulus, static and dynamic

Static modulus = slope of 
stress-strain curve:

Dynamic modulus given by axial 
P-wave velocity:

z
static

z

H





=


2

dynamic PzH V=

0r =

Potential causes for the difference 
between static and dynamic moduli:

- Drainage conditions
- Anisotropy



Ultra-
sonic

Seismic

Sonic

"Static" 
lab test

Bauer, Szewczyk, Hedegaard & Holt (2015)

Potential causes for the difference 
between static and dynamic moduli:

- Drainage conditions
- Anisotropy
- Strain rate

«Static» 
lab test

Fjær, Stroisz & Holt (2013) Mancos shale



Layer thickness >> wavelength
2

S S

Layer thickness << wavelength

Example: 
Layered material

S S

Potential causes for the difference 
between static and dynamic moduli:

- Drainage conditions
- Anisotropy
- Strain rate
- Rock volume involved

 static
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Comparing static and dynamic moduli
of a homogeneous, dry
& relatively isotropic sandstone

From dynamic moduli & porosity we can 
estimate crack densities.

We observed that -
- by recalculating the modulus after multiplying crack 
densities with a fixed number (1.14) we got a good 
match with the static modulus

Crack density 
scaling

Holt & Fjær (1987)
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Theoretical expectation 
 based on crack density scaling

Experimental observation

Crack density scaling

Comparing static and dynamic moduli
of a homogeneous, dry
& relatively isotropic sandstone
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Start
loading

Continued 
loading

Start 
unloading

Continued 
unloading

Increasing 
shear stress

No slip
Elastic

Restricted 
shear stress
Slip & slide
Non-elastic

Decreasing 
shear stress 

No slip
(due to static friction)

Elastic

Restricted 
reverse

 shear stress
Slip & slide
Non-elastic

Potential causes for the difference 
between static and dynamic moduli:

- Drainage conditions
- Anisotropy
- Strain rate
- Rock volume involved
- Non-elastic processes

An elastic wave is essentially 
an oscillating, low amplitude 
deformation
where internal surfaces are 
locked in by static friction

Dynamic  elastic

Static  elastic + non-elastic

Walsh (1965)
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Note: The fact that elastic waves do 
not involve non-elastic deformation 
does not imply that the waves are 
unaffected by non-elastic 
deformation!

Horizontal P-waves are particularly 
affected by the «wing cracks» that 
tend to develop as a consequence of 
extended non-elastic shear 
deformation

Impact of wing cracks on ultrasonic velocities

Triaxial test with dry Castlegate sandstone         (Fjær, 2006)



Potential causes for the difference 
between static and dynamic moduli:

- Drainage conditions
- Anisotropy
- Strain rate
- Rock volume involved
- Non-elastic processes
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SH = 0 at the start of the unloading path 
- then increases linearly with decreasing 
stress

1 1

dynamic static

a
H H
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By extrapolation (  → 0) we can estimate 
Hdynamic based on measurements of Hstatic

Lozovyi, Sirevaag, Szewczyk, Bauer & Fjær (2017)
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Hdynamic = elastic modulus 
                   @ dynamic strain rate

Laboratory test:
«static» strain rate  10-6 s-1

 frequency  1 Hz for an elastic wave

Lozovyi, Sirevaag, Szewczyk, Bauer & Fjær (2017)
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in the range from seismic to 
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Application: velocity dispersion  

- in the range between ultrasonic and lower seismic frequencies, 
estimated by means of a standard rock mechanical test 
with velocity measurements

Fjær, Stroisz & Holt (2013)

Example: 
Berea sandstone



Porosity, Density, 
Sonic,  . . . .

Simulates rock mechanical 
test on fictitious core
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Shales: Source (and reservoir) rocks, cap rocks, a headache for  borehole 
stability, and a natural barrier for well integrity and P&A.

Shale characteristics: 
✓ Clay  content – in argilleaceous shales, clay constitute the load-bearing phase

✓ Pore sizes 2 – 20 nm; low permeability (sub-nano – sub-microDarcy) =>

Establishment of pore pressure equilibrium takes hours – days in the lab, days – week 
(s) around boreholes, and decade(s) on field scale.

✓ Anisotropy on many scales

Should not be easily neglected, although getting all parameters involved is challenging.

✓ Shales are water sensitive

Shales
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✓ The first monolayer(s) of water adsorbed on solid surfaces has crystalline-like 
structure,  extremely high viscosity (up to 109 x that of free water) and finite shear 
modulus.

✓ In nanometer size pores, such «bound water» may occupy a large part of the pore 
space and influence the mechanical behaviour, e.g., reduce the effective mineral 
stiffness. 

✓ Bound water may be accounted for in modelling, although the properties are not easily 
calibrated.

Water in Shales

Atomic Force 
experiments Holt & Kolstø (2015)

Antognozzi et al. (2001)

Water molecules between charges plate surfaces: 
PFC simulations enabled estimation of bound water 
shear modulus.
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✓ Solid mineral moduli, free water properties depend 
on salinity, temperature and pore pressure (Batzle 
& Wang, 1992), and fraction of bound water is given 
by specific surface area and smectite content.

✓ Adjustable parameters: Shear & bulk modulus of 
bound water.

✓ The model describes isotropic clay.

A simple rock physics model for shale

Holt & Fjær (2003)

Free 
water

Bound 
water

Effective 
water

Solid 
minerals

Voigt / KHS
+ & GHS

+ Reuss / KHS
- & GHS

-

Clay sample
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✓ Solid minerals (e.g., mica) embedded as aligned oblate 
spheroids in an isotropic «interplate medium» representing 
free & bound water.

― Asaka et al (2021) applied this model to ultrasonic shale data. The plots 
show error distribution in a grid search providing most likely values at 
the minima, enabling estimates of bulk and shear  interplate medium 
moduli + clay mineral aspect ratio,

― This approach demonstrates that the Transversely Isotropic velocities 
(5 parameters) may be reliably estimated on the basis of only 3 
measured velocities.

A less simple rock physics model for shale

Sayers & den Boer (2020)

Asaka, Holt & Bakk (2021)



z

✓ Shales were not dispersive before 2001 …

✓ With the development of seismic frequency (Forced Oscillation) laboratory set-ups, several 
observations indicate strong dispersion in different shales from seismic to ultrasonic 
frequencies.

✓ Szewczyk et al. (2018) observed water weakening at low frequencies and stiffening due to 
fluid-induced dispersion at higher frequencies.

✓ Comparisons show that stress (Serhii Lozovyi, PhD, 2018)  as well as temperature 
dependence (Stian Rørheim, PhD, 2022) is different at seismic and ultrasonic frequencies.

Dispersion – and attenuation

Suarez-Rivera, Willson, Nakagawa & Nes (2001 ) Szewczyk, Holt  & Bauer (2018)



Overburden Geomechanics & 4D seismic

✓ Reservoir pore pressure changes lead to stress 
changes in the surrounding rock masses.

✓ Analytical computations are limited to homogeneous 
subsurface; i.e., reservoir = overburden properties.

✓ Numerical simulations are necessary to capture a 
realistic picture! (e.g., Yan et al., 2025).

v
v

f,res

h
h

f,res

p

p








=



=


Stress path 
coefficients

The vertical stress reduction above a 
depleting reservoir leads to reduced 
speed of the vertical P-wave velocity – 
this slow-down acts as a finger-print of 
depletion.

Hatchell & Bourne (2005)
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Stress sensitivity & Stress paths

✓ In the laboratory, we can study how ultrasonic velocities (P- & S- in multiple directions) change with 
stress and stress path. 
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Stress sensitivity depends on 
stress path. The experimental 
results can be linked to the 
geomechanical model to predict 
4D response.

Target: Estimate stress path from 
4D.

Holt, Bauer & Bakk (2018)Bakk, Holt, Bauer, Dupuy & Romdhane. (2020), 
Bakk, Duda, Xie, Stenebråten, Yan, MacBeth & Holt (2023) 



Stress Sensitivity is Frequency Dependent

R-factor is 2-4 times higher 
at seismic frequencies 
than at ultrsonic frequency

R-factor

ax

V
R

V 


=



Stress and strain induced velocity changes in shales are strongly frequency-dependent

Lozovyi, Duda, Bauer & Holt (2025)



Undrained pore pressure response

✓ The observed behaviour is in perfect agreement with 
Skempton's (1954) relationship:

✓ This permits us to determine As and Bs ..
― Note: AS & BS are not invariants –  AS depends on inclination between 

maximum principal stress and the material symmetry axis.
― AS is 1/3 in isotropic rocks but depends on poroelastic anisotropy – 

and plasticity.

✓ Depletion / injection in reservoirs cause «instantaneous» 
pore pressure changes in surrounding rocks that may 
lead to fault activation without fluid flow.

 f (1 )S S

z

p
B A 




= + −



Holt, Bauer & Bakk (2018)



Undrained pore pressure !

✓ The pore pressure response in the low-
permeability shales around (hydrocarbon or 
storage) reservoirs is initially undrained.

✓ The undrained pore pressure change is given by 
the poroelastic relation

       where Bij is the anisotropic Skempton tensor.

✓ This change is «instantaneous», i.e., it might 
lead to seismicity prior to any fluid transport 
between the reservoir and the surroundings.

― Simulations show significant difference between using 
anisotropic Skempton parameters versus applying the 
conventional isotropic solution with only the scalar B-
parameter.

1

3
f ij ijp B  = 

Pore pressure changes (1982-2020) above the Valhall field 
on the basis of Skempton parameters from lab 
measurements and stress changes from independent 
geomechanical modelling.

Duda, Bakk, Holt & Stenebråten (2023) 



Temperature dependence  

✓ Ultrasonic velocity changes were measured in 5 field 
shales +  Pierre Shale (isotropic stress = 5 MPa & initial 
pore pressure = 2 MPa)during cooling from 100 °C to 
room temperature.  

o All P- and S-wave velocities decrease during cooling.
o For high porosity shales the temperature dependence of P-wave 

velocity reflects the velocity changes in pore water.
o Thermally induced pore pressure changes may play a role.
o Organic content (TOC) is also relevant (Johnston, 1987).

Manafov , Holt, Fjær & Stenebråten (2007)



Frequency dependent temperature dependence

✓ Ultrasonic velocities tend to decrease with 
increasing temperature – for Pierre Shale, 
seismic velocities seem to increase (20 - 60ºC).

― If dispersion is due to bound water and / or local flow, 
the transition frequency will increase with temperature 
because of reduced viscosity. This may explain the 
observed behaviour.

Solid symbols: 
Ultrasonic (500 
kHz)

Open symbols: 
Seismic (1 Hz; 
converted)

Rørheim, Bauer & Holt (2022)



Thermal compaction 

✓ An extreme temperature sensitivity was observed 
in some high porosity shales with high smectite 
content, e.g., Pierre Shale II.

✓ The shale expands with heating below 50 ºC, but 
compacts dramatically above 80 C: Porosity is 
reduced from ~19 to ~12 % after heating to 120 ºC.

― Ultrasonic velocities increase strongly because of 
compaction.

― Likely to be caused by conversion bound → free water.

Bauer, Stenebråten, Nes, Sønstebø, Holt & Marøen (2014)
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Digital rocks?

✓ PFC modeling based on 3D µCT images of sandstones enabled 
calibration of stress vs. strain,  ultrasonic velocities and  permeability.
― Stress-strain curves & velocities vs stress make sense

0

20

40

60

80

100

-10 -5 0 5 10 15 20

Axial strain [mStrain]

A
x
ia

l
s
tr

e
s
s
 [
M

P
a

]

0

20

40

60

80

100

-10 -5 0 5 10 15 20

Axial strain [mStrain]

A
x
ia

l
s
tr

e
s
s
 [
M

P
a

]
x= 2 MPa

x= 2 MPa

x= 5 MPa

x= 15 MPa

x= 7 MPa

x= 15 MPa

Experiment Simulation

Challenge: Upscaling - simulations 
are done with  1000 grains..

Li, Larsen & Holt (2015) Holt, Li & Larsen (2017)



Discrete particle models have provided valuable support for our studies on -

Shear bands Compaction bands

Holt, Li & Holcomb (2008) 



Discrete particle models have provided valuable support for our studies on -

Core scratch Borehole failure initiation



Discrete particle models have provided valuable support for our studies on -

Sand erosion

Fjær, Cerasi, Li & Papamichos (2004)

Impact of intermediate principal stress 
on strength

Fjær & Ruistuen (2002)



Discrete particle models have provided valuable support for our studies on -

Static and dynamic moduli

Li & Fjær (2012)

Development of shale barriers around wells

Fjær, Folstad & Li (2016)



z

✓ Laboratory measurements are essential in development of relevant rock physics & 
mechanics models for field applications.

✓ Reliable modelling requires ensurement of rock core quality in the lab and meaningful 
evaluation of static moduli from dynamic (sonic, seismic) measurements.

✓ Combinations of granular, crack based and possibly digital rock models may pay off.

Conclusions
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