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Abstract

The experimental investigation of clayey rocks vahare typical for cap rock formations above CO2 agierreservoirs is
described and results are given. One series oftdag samples is gathered from the injection wighe Ketzin pilot test site in
Germany. Another series comes from the same Kefopemation in a near-surface outcrop in the Southwéssermany. The
near-surface condition allowed drilling of sampléh a standard size of 100 mm diameter and 200height as well as large
samples with a diameter of 550 mm and a heigh260Imm.

A special triaxial testing procedure is appliedhboh standard and large size samples which all@tesishination of the strength,
stiffness and viscosity behavior of the rock in qragh. A multi-stage technique (stepwise variatidrihe confining pressure)
gives the strength behavior of each single sangikpwise varied deformation rates, over two ordérsagnitude, lead to steps
in the stress-strain-curve from which the viscositglex can be calculated. The viscosity index candlvectly used in the
Norton’s constitutive relations for a viscoplassioulation. The comparison of results from standand large samples shows
that for clayey rocks a scale effect is negligil#érength, stiffness and viscosity are not depenftem the sample size. The
observed failure modes of the samples show thatréimsition from cataclastic to non-cataclasticaxébur occurs in the range
of the applied levels of pressure and deformataias even at room temperature. This transitiort ismvery important for the
judgment of the sealing capacity of a cap rockuierical simulations result in deformation ratésoh, for the given pressure
and temperature conditions in a cap rock formatiaring the CQ injection, stay sub-critical for cataclastic belwawi the
formation of new cracks can be excluded.
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1. Introduction

Injection of CQ in deep geological formations will cause an insesaf formation pressure over a large area.
Thus the formations above a g@servoir and especially the sealing cap rock défiorm in a pillow like manner.
In the center of the pillow the bottom of the capgks is compressed and at the edge it is exteritiedust be
proven that local deformations will not activatéelast discontinuities and that deformation rated bl sub-critical
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with respect to cataclastic behavior of the rockssnaDtherwise the permeability and the potentiahydraulic
breakthrough would increase.

Numerical simulations of the problem need inputapagters and amongst them, parameters of the rosk ma
behavior. The level of pressure, relevant deforomatates and temperatures require the use of plast@ and
viscoplastic constitutive relations in numericamalations. The transition from non-cataclastic tataclastic
behavior is of prime importance.

The CQSINK-Project at Ketzin test site in Germany gawe ¢hance to go through the whole procedure of-CO
storage from pre-investigation to injection [1]. & coring campaign, samples from the cap rock ftoma
consisting of Triassic claystones from Keuper wgathered. The work described in this paper wasqfdtie joint
research project “COSMOS”, which was in close dmiation with the CE5INK-Project.

2. Geomechanical testing of cap rock

2.1.Investigated material

The Keuper rock material from the Ketzin site wampled in the injection well at a depth of 620 trisla highly

consolidated pelitic claystone of reddish to browvahor (Fig. 2a). Partially it contains homogenegudistributed

inclusions of anhydrite lenses with diameters td 3 mm. The same geological Keuper formation veagssible in
a clay pit near Zaisersweiher, Southwest Germanm 1 the near-surface conditions the reddish aavby slightly

silty claystone is significantly less consolidatéddn the one from Ketzin. The mineral compositienof both

materials is given in table 1. All samples showighttontent of sheet silicates. Whereas the Ketamples contain
only illites and chlorites, the Zaisersweiher sagspiontain also smectite.

Table 1: Mineral composition of samples from Ketzite (quantitative X-ray analysis)

Mineral 'fffg‘ '28;2'1” 'Zegzg‘ ZWR 1 | ZWR 2
lllite KAI;[(OH), SizAIO 1] 43 42 37 38 35
Chlorite (Mg,Fel[(OH),SizAIO 1] 11 7 7 17 19
Quartz SiO, 13 11 12 9
Plagioclase NayCay_x[AlSizO1q] 6 9 9 6
Dolomite CaMg(CQ), 24 15 18 - -
Calcite Ca(CQ) - - - 9 6
Anhydrite CasQ 0 13 14 - -
Hematite Fe0, <1 2 2 3
Halite NaCl 2 1 1 3
Smectite - - - 18 25
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2.2.Testing technique

For the investigation of the mechanical propentethe pelitic rocks different triaxial testing degs were used:

- aspindle drive uniaxial testing apparatus (noherrtdescription)
- anewly developed triaxial apparatus with a higbeion volume measurement
- alarge triaxial testing apparatus for rock massggeas

2.2.1.Triaxial test with high precision volume measuretmen

For the triaxial tests on standard size samplesnaavative triaxial testing apparatus with a higlegsion
measurement (Fig. 1la) was used. The testing madfasea load capacity of 100 kN axial force and 1RaM
confining pressure and 1.6 MPa back pressure. &isphent control is possible in the range of 0.@010t mm/min.
Force control ranges from 0.001 to 50 kN/min. Thkndrical samples can have a size of 100 mm dianmexd 100
mm height. The volume change of the sample candmsuored with an accuracy of 50 mm3. This means|wuame
change of less than 0.01 % can be measured onxa10® mm sample.
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Fig. 1a: Triaxial testing apparatus with high-psémn volume measurement Fig. 1b: High-precisionme measurement of volume
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2.2.2.Large scale triaxial testing

Large scale triaxial testing enables investigatibmmepresentative elementary volumes (REV) of ratksses.
The sampling and testing technique was developddeat/niversitat Karlsruhe. Fig. 2a shows the sampite in
Zaisersweiher. The samples are drilled using alesiogre barrel. They are molded with plaster ofi$er a steel
casing for retrieval.

The triaxial cell has a capacity of 6.4 MN axiatde and 2 MPa confining pressure. Rock sampleg laav
diameter of 550 mm und a height of 1200 mm. Figst2tws the installation of the displacement meaguievices.
Axial displacement is measured between load plateitls ultra-sonic transducers. The change of diamét
measured with three measuring tapes placed ardwéndpecimen ever quarter height. The axial forareasured
by an internal load cell.
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Fig. 2a: Sampling of 550 mm cores in Zaisersweiher

Fig. 2b: Installation of 550 mm specimen in thgéatriaxial cell
2.3.Testing Results

2.3.1.Ketzin samples

Uniaxial compression tests show that without cdnfinpressure the material behaves nearly lineatielap to
brittle failure at an axial strain of about 0.5%daaxial stress of 46 MPa (Fig. 3b). By measuringlaxnd lateral
strain with strain gauges, the axial stiffness determined to b& 10 GPa and the Poissons ratio tate0.13.
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Fig. 3a: Cylindrical sample of siltstone from Ketzite before
testing

Fig. 3b: Stess-strain behaviour in a uniaxial caspion test up to
brittle failure
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Fig. 4a: Stress-strain behaviour in a multi staigexial test with Fig. 4b: Results from triaxal(CCT) and uniaxial (DQests on cap
different confining pressures rock samples

Multi-stage triaxial tests on Ketzin samples (Fg) show that the transition from brittle (catatigsbehaviour
to ductile (non cataclastic) behaviour even at raemperature is reached when a confining pressyre5 MPa is
applied. The claystone shows a friction anglé ef35° and a cohesion of= 9.0 MPa (Fig. 4b).

2.3.2.Zaisersweiher samples

In order to investigate scale effects in the betavof cap rock like materials, the Zaisersweitengles were
tested in standard and large size. The tests wamged out as multi-stage tests with stepwise tiaraof the
deformation rate. Fig. 5 shows a sample with a diemof 55 cm and a height of 125 cm before (a) a&tet (b)
testing. A total shorting of 11 % did not produgen cracks. The material behaves non cataclastic.

Fig. 5a: Large sample from Keuper clagfore triaxial test Fig. 5b: Large sample from Keuper déter triaxial test”
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Fig. 6: Triaxial test of a large sample, deviatatiess vs. axial deformation, multistage technigitle variation of deformation rate
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Fig.7a: Multi-stage triaxial test with increasingndining pressure  Fig.7b: Multi-stage triaxial test with decreasiranining pressure
steps steps and variation of deformation rate
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Fig 6 and 7 show the stress-stain diagrams of fatdtie tests of large and standard size specinwan fr
Zaisersweiher. Strength and stiffness behavior el ag the viscosity are comparable. Standard sssngive an
average friction angle of = 24° and a cohesion of= 0.28 MPa. The large samples give a friction anmglf = 30°
and a cohesion a@f= 0.20 MPa. The Young’s modulusis 800 MPa.

The evaluation of the steps in the stress-straimesicaused by the stepwise variations of the dedtion rate,
gives the viscosity indelx,. It can be determined using eq. (1) and (2):

q»q, f1+1,, In(el e,)] (1)

y GG @
g, ¥n(e/e,)

va

whereq = s; - 53 andq, stand for the deviatoric stress and the referelestatoric stresseand e, stand for the
axial strain rate and the reference axial straie.réhe viscosity index for both standard and lssige samples is
lva = 0.03.

The viscous behaviour of cap rocks can be descrilsinly Norton's creep law [3] to determine the setzoy
(steady state) creep rageaccording to eq. (3)

-Q

e, = AeRT g 3

Norton’s creep law is based on the assumptiondtesp is a thermally activated process. The expgamean be
determined directly from the viscosity indgy using eq. (4). Further parameters are a struchasmetei, the
activation energ{, the absolute temperatufeand the universal gas constént

L, » 1 (4)

Fig. 8: Determination of the viscosity index
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3. Conclusion

The following conclusions can be drawn:

- The rate dependent behavior of cap rocks can teerdigted by innovative triaxial testing technique.

- Rate dependent material behaviour has to be coesideith a constitutive law including nonlinear
viscosity.

- The investigated cap rock materials behave norclzatisc even at room temperature if at a giverssttevel
the deformation rate is below a critical value.

- Scale effects are negligible.
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