
Capillary effects related to compaction Capillary effects related to compaction 
of gasof gasreservoirs andreservoirs andCOCO22 injectioninjection

B.A. Schrefler

Dept. of Construction and Transportation Engng.
University of Padua
Faculty of Engineering
Via F. Marzolo, 9 – 35131 Padua
Italy
Email: bas@dic.unipd.it



OutlineOutline

• Subsidence above gas fields (Ravenna Region)

• Injection of CO2 (super- and subcritical
conditions)
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(Gambolati et al., WRR 1991)



Cross section through the reservoir RAVENNA TERRA



Schrefler, Bolzon, Salomoni, Simoni, 1997

The RAVENNA TERRA The RAVENNA TERRA fieldfield

Production phase



Susidence along the major radius of the RAVENNA TERRA field

for the periods 1949-1972, 1949-1977, and 1972-1977

(Brighenti et al., 1994)



Evolution of the hydraulic head in the five aqifers below Ravenna

(Brighenti et alii, 1994)



Benchmarks around RAVENNA TERRA with measured levellings in 

1982, 1986, 1992, and 1998



Projection of the surface settlements on a vertical plane for the benchmarks contained in 
a 2 km wide interval, for the periods 1982-1998, 1986-1998, and 1992-1998



Projection of the surface settlements on a vertical plane for the benchmarks contained in the 
remaining part of a 6 km wide interval, for the periods 1982-1998, 1986-1998, and 1992-1998



Isolines of subsidence for the  period 1982-1986



Isolines of subsidence for the period 1982-1992



Isolines of subsidence for the period 1982-1998



AxonometricAxonometricrepresentationrepresentation19861986--19821982



AxonometricAxonometricrepresentationrepresentation19921992--19821982



AxonometricAxonometricrepresentationrepresentation19981998--19821982
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3-D surface of the differences in height for the period 1982-1998

It is a local phenomenon, rather than a regional one, and happens in a limited time period



Land subsidence between Porto Garibaldi and Marina Ro mea
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about 2.67 km

DOSSO DEGLI ANGELI

(Baù,Gambolati, Teatini, 2000)

DOSSO DEGLI ANGELI, pedicted subsidence for 2042

Subsidence due to groundwater flow and respective boundary conditions (50 years)



��������	��
���
��������	��
���


������� ��	�
����� 
����
�����������
����� 	������������ �������
�� ����������
�������� 
�������������
��

������� ��	�
����� 
����
������� ������	
�
��
�������������� ! ��� ¸ ������"���# ������� ��	�
����� 
����
������ �������

��������������������� 
�������������
��

(Schrefler, Lewis, Norris, 1977)



Gas production at RAVENNA TERRA





The RAVENNA TERRA The RAVENNA TERRA fieldfield



The RAVENNA TERRA The RAVENNA TERRA fieldfield



Cumulative gas production and evolution of the reservoir pressure in the two most
productive levels of RAVENNA TERRA

1982-1998:  reservoir pressure is increasing



MechanicsMechanicsofof partiallypartially saturatedsaturated soilssoilscan can givegive anan explanationexplanation ofof the the behaviourbehaviour: : 
intergranularintergranular forcesforcesdue due toto capillarycapillary effectseffectsare are destroyeddestroyedthroughthrough water water floodingflooding : : 

structuralstructural collapsecollapse

( ) c
w

T
net

g
w

w
w

T pSpSpS m)1(m' +=-+-= ���

(Schrefler, 1984;  Lewis & Schrefler, 1982, 1987; Gray & Hassanizadeh, 
1990; Sheng et al., 2004, Nuth & Laloui,2007)

Generalized Bishop-stress tensor



BehaviourBehaviour of of porousporous media media subjectedsubjectedtoto loadingloading//saturationsaturation variationsvariations



ElastoElasto--plastic model for unsaturated materials. LC yield surface plastic model for unsaturated materials. LC yield surface 
in net mean stress p(=pin net mean stress p(=ptt--ppgg) vs. ) vs. matricmatric suction s(= psuction s(= pgg--ppww) plane) plane



Three typical phases of gas field development

• initial phase in which gas pressure in the reservoir decreases due to    
gas extraction;
• steady state phase in which gas withdrawal continues but at a nearly 
constant gas pressure;
• final phase in which gas extraction is stopped and reservoir pressure 

recovers.



Stress paths associated with gas deposition and extraction:
conceptual model 

DEPLETION
A-B-C: gas pressure decreases due to gas extraction; A-B slight expansion
C-D: gas withdrawal continues at a constant gas pressure.
D-E: gas extraction is stopped and reservoir pressure recovers.

DEPOSITION
O-A: deposition of sand in sea water
A-B: migration of gas in sand layer during 
deposition of overlaying clays
B-C: migration of gas after clay deposition

Upward movement of suction increase line SI 
induces a rightward movement of LC



� The increased stiffness of samples containing gas ( i.e. 
unsaturated samples) when compared to fully saturat ed ones

Indirect evidence that the reservoir sands of this region show the 
typical features of soils in the presence of capillary forces



Sample Cm
cm2/kg

Ravenna Commission 2.81*10-4

AGIP 1995 4.39*10-4

Average first loading cycle 4.42*10-4

Barbara well Cm
cm2/kg

FSTM (markers) 4.1*10-5

intervals consisting of Average compressibility 
coefficient  (cm2/kg)

partially saturated layers only 1.63E-05±5.15E-06

partially saturated layers including small clay 
layers

1.43E-05 ± 4.80E-06

fully saturated layers, including small clay layers 
and/or some partially saturated levels (less than 

15-20%)

1.00E-04 ± 4.32E-05

Uniaxial compaction coefficients(AGIP, 1996)

Northern Adriatic gas fieldsNorthern Adriatic gas fields

Tangential compressibility
coefficient intervals for different
layers obtained by interpretation
of RMT  (Amelia 21)



� The occurrence of expansion strains in early phases of  gas 

extraction

Indirect evidence that the reservoir sands of this region show the 
typical features of soils in the presence of capillary forces



� Table

 
spacing bottom top FSMT 94 FSMT 96 Ds (mm) Dp (MPa) % clay 

1-2 1424.50 1414.00 10487.7 10489.7 -2.0 0.90 3 
2-3 1414.00 1403.70 10470.6 10465.0 5.6 0.90 20 
3-4 1403.70 1393.10 10780.3 10786.4 -6.1 2.00 38 
4-5 1393.10 1382.60 10512.4 10511.0 1.4 1.05 13 
5-6 1382.60 1372.10 10476.9 10471.7 5.2 1.05 1 
6-7 1372.10 1361.50 10573.6 10579.0 -5.4 1.05 57 
7-8 1361.50 1351.10 10461.6 10453.2 8.4 0.95 24 
8-9 1351.10 1340.60 10470.6 10464.5 6.1 0.95 0 

9-10 1340.60 1330.00 10574.9 10551.9 23.0 0.95 34 
10-11 1330.00 1319.70 10349.2 10356.6 -7.4 0.80 51 
12-13 1274.60 1264.10 10417.3 10413.3 4.0 1.50 66 
13-14 1264.10 1253.60 10575.4 10588.1 -12.7 1.50 78 
14-15 1253.60 1243.40 10179.1 10168.6 10.5 0.90 67 
18-19 1211.70 1201.10 10551.4 10568.2 -16.8 1.30 31 
19-20 1201.10 1190.60 10528.9 10546.7 -17.8 1.70 31 
20-21 1190.60 1180.50 10125.8 10114.9 10.9 0.85 8 
21-22 1180.50 1169.70 10831.8 10829.7 2.1 0.17 9 
22-23 1169.70 1159.20 10495.6 10498.2 -2.6 0.05 0 

 

Radioactive markers locations, spacing measurements, pressure drop and clay content in well Barbara 101. 

Dp denotes pressure drop and Ds refers to incremental displacement, negative values indicate expansion.

Beginning of extraction in several gas bearing layers of well Barbara 101



� The appearance of compression strains associated with  

water injection (structural collapse)

Direct evidence that the reservoir sands of this region show the
typical features of soils in the presence of capillary forces

Tests which try to reproduce experimentally the water flooding experienced in real cases 
for “reservoir pressure maintenance” or “due to water influx from surrounding 
formations” by injecting water into samples at in situ water saturation (ranging from 0.38 
to 1), under a constant level of stress, until full saturation is reached.



Depth (m) material total 
porosity

in situ water 
saturation

irreducible 
saturation

2137.1-
2137.2

shale 0.21-0.29 1 0.37-1.00

3122.5-
3122.6

silty shale 0.08-0.10 1 ~ 1.00

3402.4-
3402.5

silty
sandstone

0.09-0.11 0.38-0.45 0.22-0.34

Material parameters for three different samples

Hydrostatic compression test with water injectionHydrostatic compression test with water injection

Weakst03

Sandst03

Core1305

(Papamichos et al., 1998)









Capillary effects , aging (creep) 
or both?



The three samples: injection during 24 hours



Compression test: load maintained for 14 days

Clay 



Compression test : load maintained for
7 months (a) and 14 days (b)

Silty
sandstone

Additional
deformation of
5,4% after 14 
days
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Volumetric strain of sample 1

Volumetric strain due to water injection: 31%
Generalized Bishop stress is decreasing

Constant deviatoric stress:
primary, secondary and tertiary creep



ElastoplasticElastoplasticConstitutive Model for Partially Saturated SoilsConstitutive Model for Partially Saturated Soils

mean Bishop stress

scalar measure of deviatoric stresses

unit outer normal vector to yield surface and potential surface

material parameters
'p

q
� = stress ratio

(Bolzon, Schrefler, Zienkiewicz, 1996)
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Yield surface

Potential surface

suction dependent integration parameters

Yield surface in (p’,q,s) space for partially saturated problems
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ElastoplasticElastoplasticConstitutive Model for Partially Saturated SoilsConstitutive Model for Partially Saturated Soils



yield limit

yield limit in saturated conditions

i material parameter
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ElastoplasticElastoplasticConstitutive Model for Partially Saturated SoilsConstitutive Model for Partially Saturated Soils
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ElastoplasticElastoplasticConstitutive Model for Partially Saturated SoilsConstitutive Model for Partially Saturated Soils
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The plastic modulus H is :

where: H0 = modulus for isotropic compression
Hw = 1 +as
Hf = Hf(h) = different stress path
Hv, Hs = volumetric and deviatoric hardening
Hdm =additional form of hardening due to partial
saturation
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(Pastor M., Zienkiewicz O.C. , Chan A.H.C., 1990)

The plastic modulus Hb is : dmfb HHpwHH '0=
where w can be constant



Thermodynamic Formulation of Enhanced Thermodynamic Formulation of Enhanced ElastoplasticElastoplastic
Constitutive Model for Partially Saturated SoilsConstitutive Model for Partially Saturated Soils
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The dissipation function D is a homogeneous function of degree 
one in the plastic strain increments, therefore it coincides with 
the dissipation potential function because of Euler’s Theorem.
Hence the stresses p’ and q can be derived from the function D

(Santagiuliana and Schrefler, 2006)



Thermodynamic Formulation of Enhanced Thermodynamic Formulation of Enhanced ElastoplasticElastoplastic
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the yield function



Thermodynamic Formulation of Enhanced Thermodynamic Formulation of Enhanced ElastoplasticElastoplastic
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The dissipation function D is 
always positive because the 
material parameters are 
taken positive with positive 
values of the effective stress 
tensor  and the deviatoric part 
of plastic strain rate coincides 
with the rate of plastic 
multiplier (see the flow rule), 
hence, for the Kuhn-Tucker 
conditions, the deviatoric part 
of plastic strain rate 
increment is always non-
negative.
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Constitutive Model for Partially Thermodynamic Constitutive Model for Partially Thermodynamic 
Formulation of Enhanced Formulation of Enhanced ElastoplasticElastoplasticSaturated SoilsSaturated Soils
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From Gibbs free energy we can also obtain the elastic deformations
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(Simoni and Schrefler, 2002)



• Material data

Case Case studystudy

10m

R2000m 16000m

1790m

80mI Reservoir II

III Clay

IV

Axisymmetric ProblemZ

O

l m a � (0) i pf � (0) � 0 � 1 � f

4.8166 0.8506 2.5654 0.0296 1.5019 16.484 0.0046 1.0839 1.8487 2.9793

Reservoir
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Stress path in the suction-mean effective stress plane for phases 1-3, (left); 
Specific volume vs. mean effective stress (� v, AB = 0.95%, � v, BC = 0.15%, � v, CF = 0.7%) 

(right).

ResultsResultsforfor reservoirreservoir borderborder



Stress path in the suction-mean effective stress plane for phases 1-3 (left);  
Specific volume vs. mean effective stress (� v, AB = 0.95%, � v, BC = 0.07%,
� v, CD = -0.1%) (right).

  

ResultsResultsforfor reservoirreservoir centrecentre
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• Equilibrium equation for the multiphase
mixture

GoverningGoverning equationsequationsforfor multiphasemultiphase flow in a flow in a deformingdeforming
porousporous mediummedium

0= + jiij, grs

• Mass balance equation for water
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• Integrated mass balance equation for the 
reservoir

MultiscaleMultiscale modelmodel: : reservoirreservoir scale scale –– regionalregional scalescale
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• Equilibrium equation for the mixture

0= + T grsÑ

(Schrefler, 1978

Lewis & Schrefler, 1987

Simoni, Salomoni, Schrefler, 1999)
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• Flow conservation equation for the aquifers and 
aquitards



Case Case studystudy –– 3D 3D subsidencesubsidenceanalysisanalysis
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Case Case studystudy –– 3D 3D subsidencesubsidenceanalysisanalysis

(Schrefler et al., 1999)
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Geological CO2 Sequestration

(Science, 25 September 2009)
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Flow Flow problemsproblems

InjectionInjection of of supercriticalsupercritical COCO22

• The viscosity of water is 12 times the viscosity of CO2: 
displacement of water hydro-dynamically unstable and 
non uniform� viscous fingering

• CO2 lighter than water � gravity segregation

• High interfacial tension� capillary effects

(Dove et al., 1998)

preferential flow paths



InjectionInjection ofof CO2 in CO2 in supercriticalsupercritical conditionsconditions in in deepdeeplayerslayers
forfor storagestoragepurposespurposes

(Nature, vol.411, 31 May 2001)

Utsira formation: depth~ 1000m

plume



Injection of COInjection of CO22 in an aquifer at depth between 700in an aquifer at depth between 700--
1000m1000m

T = 35°C (ambient conditions supercritical for CO2)

(Class, Bielinski, Ochs, ECMI 2004)

CO2 in supercritical stateclose to the critical point
dissolves into water and water becomes denser. Denser
water sinks down and more CO2 can be injected.

Example:10000 t of CO2 injected during 40 days, simulation for 100 years



Injection of COInjection of CO22 in an aquifer at depth between 700in an aquifer at depth between 700--
1000m1000m

T = 35°C (ambient conditions supercritical for CO2)

(Class, Bielinski, Ochs, ECMI 2004)

Saturation Concentration



DeformationalDeformationalaspectsaspectshavehavenotnot beenbeenconsideredconsidered::
seeseee.ge.gRECOPOL, the first project in RECOPOL, the first project in EuropeEurope, , 
wherewhereCOCO22 hashasbeenbeeninjectedinjectedintointo coalcoalseamsseams
aboutabout1100 1100 metersmetersunderground; underground; injectioninjectionendedended
in 2005 in 2005 whilewhile site site monitoringmonitoringcontinuescontinues

DeformationalDeformationalaspectsaspectsare are ofof importanceimportance, , 
ifif COCO22 isis injectedinjectedbelowbelowurbanurbanareasareasor inor in
reservoirsreservoirsonon-- or off or off shoreshorecloseclosetoto urbanurbanareasareas

(Science, 25 September 2009,
and Radoslav et al., 2009)



InjectionInjection ofof COCO22 in in deepdeeplayerslayers, in , in supercriticalsupercritical conditionsconditions forfor reservoirreservoir pressurepressure
maintenancemaintenanceor or enhacedenhacedrecoveryrecovery: : capillarycapillary pressurepressureeffectseffectson on deformationdeformation??
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InjectionInjectionofof COCO22 or or seaseawater in water in anan
aquiferaquiferbetweenbetween600 and 800 m 600 and 800 m ““ toto

savesaveVeniceVenicefromfrom the the seasea””

12 12 wellswells on a on a circlecircle ofof 10 km in 10 km in diameterdiameter



(Comerlati et al., 2003
Eos,Vol. 84, No. 49, 9 December 2003)

Can CO2 Help Save
Venice from the Sea?

Vertical and horizontal fluid injection wells
Aquifer between 600 m and 800 m

COCO22 injectioninjection



(Comerlati et al., 2003)

Expected uplift (cm) of the Venice Lagoon 10 years after the beginning of fluid
injection is shown when: 

a) injecting CO2 from vertical wells; b) injecting CO2 from horizontal wells;
c) injecting sea water from vertical wells

Can CO2 Help Save
Venice from the Sea?

COCO22 injectioninjection
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(Comerlati, Ferronato, Gambolati, Putti & Teatini, 2003)

COCO22 injectioninjection



(Ricceri and Butterfield,1974)

Strong Strong stratigraphicstratigraphic
variabilityvariability bothboth in in planeplane
and and verticallyvertically

SoilSoil layerslayers belowbelow VeniceVenice

(Zezza, 2007)
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(Comerlati, Ferronato, Gambolati, Putti & Teatini, 2003)

COCO22 injectioninjection



COCO22 injectioninjection



Injection of COInjection of CO22 in an aquifer at depth between 600in an aquifer at depth between 600--800m800m

T = 28°C

Average pore pressure in the aquifer 70 bar

CO2 injection overpressure 10 bar

Between 600 and 800 m part of the aquifer is in subcritical, 
part in supercriticalambient conditions for CO2



68,85

3
A

1

4

5

2

28

Carbon dioxide Carbon dioxide ln(p)ln(p)--hh diagram: thermodynamic paths of diagram: thermodynamic paths of 
the injected COthe injected CO22

(Schrefler and Bonacina, 2005)1: conditions of CO2 at nozzlenozzle



30°C20°C

0.199570.1742980 bar

0.454400.1560370 bar

COCO22 injectioninjection –– PhasePhasechangechange

Compressibility values

Specific volumechanges from 0.0013 to 0.0047 m3/kg
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COCO22 injectioninjection



MPapMPapMPap

MPasp

in

g

87.0'48.448.10

1
' -=D==

==D

Hyp.: CO2 moves to the cap rock at 600 m depth because of plume formation

Chioggia: ev = -3.99́ 10-3 Sr = 1, ev = -8.85́ 10-4 Sr = 13%

COCO22 injectioninjection

A factor of 4,5: injection becomes ineffective
where CO2 is in gaseous form and soil becomes stiffer!



I have primarily been working in sequestration in depleted oil reservoirs
where CO2 phase changes certainly occur. I cannot see any reason that it
would not happen in a saline aquifer if the CO2 migrates out of the aquifer

where pressure conditions are lower.

(Norman R. Warpinski, Sandia Nat.Lab.)



InjectionInjection ofof seaseawaterwater



(Carbognin L., Gatto P., Mozzi G., Gambolati G., 1978. Land subsidence of Ravenna 
and its similarities with the Venice case.)

InjectionInjection ofof seaseawaterwater



Lines of equal subsidence from 1972 to 1977 
and location of production wells

(Schrefler et al., Terra Nova, 2008)

Area around Ravenna



PeriodPeriod 19981998--1982  1982  withwith
negligiblenegligiblegas gas extractionextraction

Gradients of vertical ground
displacements of the order of 10 -4



(Gottardi et al., 2007)

FRARIFRARI







*(Gambolati et al., Terra Nova, 2009)

Conclusions - 1

Due to the strong heterogeneity of the subsoil in Venice
it will be hardly possible to control the uplifting of Venice 
as proposed.
The differential settlements due to injection would add to 
those already taking place for other reasons* and could 
produce unacceptable distortions in the historical buildings



Conclusions – 2

For CO2 injections and capillary effects there 
are still more  questions than answers:

Environmental Geomechanics can give a hand
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